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The Welding Handbook is recognized throughout the world as a source of 
authoritative information. In preparing the Third Edition, no effort was spared to 
maintain the reputation established by the earlier editions. The Third Edition of 
the Welding Handbook contains information on welding in all its aspects, based on 
recognized practices in industry at the time of its issuance. 

To make it more useful the arrangement of information in the Third Edition 
differs from that in the 1942 Edition based on suggestions received from Handbook 
users m the course of a nationwide survey; the following brief remarks on these 
differences may assist the reader in securing maximum benefit from this Handbook. 

dhe individual chapters are arranged in groups, principally by processes, materials 

and applications. The material contained in each chapter in a given group is 

arranged in the same general order and under the same major headings in so 

far as possible. Thus a reader who has acquired familiarity with the contents of 

one chapter may expect to find the same types of information in the same relative 
locations in any other chapter within the same group. 

Because of the many new welding developments and applications since 1942 it 
was necessary to include a considerable amount of information that was not in pre¬ 
vious editions of the Handbook. To accomplish this without making the book 
too large for frequent use, the text is set in two columns instead of one and in 
so far as possible, data are given in tables instead of in the text; these tables make 
the Handbook more useful for ready reference. Space is further saved by includ 
mg cross references in each chapter to related information in other chapters thus 

index g repetUl ° n ' EasC of finding information is further enhanced by an enlarged 

Recognizing the impossibility of including all information on every subject within 
he limits of a single book, a bibliography is included at the end of each chapter 
listing the more important technical articles and books as well as applicable codes 
standards and specifications published on the subject of that chapter. 

A complete chapter is devoted to general engineering tables, which were selected 
to satisfy the need for such data in both the shop and the office. 

Third VIv’ a " ° f j He fon ; goillg changes much of the information contained in the 
nl Ed,t,0n was drawn from the 1942 Edition, with revisions made as necessary 
i mg it up to date. Although the authors who contributed to the 1942 Fdition 

EU&3** '" c " r ...... . .. 

It would have been impossible to prepare the Third Edition without th» 
contributions of time ,„d e #or, of „,e member, of the S'SlteT 1 
names are shown at the beginnings of the chapters anrl in the Index of Author 't 
,he h “* «*«"*»*■ Appreciation is also expressed to ,t complies "ith 
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which these members are affiliated for their understanding of the need for these con¬ 
tributions and the tolerance with which they accepted interruptions in company 
business so that this Handbook could be published 

Particular appreciation is extended to the members of the Welding Handbook 
Committee who not only planned each step so that the Third Edition would be as 
useful as possible, but who read each chapter carefully and through many revisions. 

Very special acknowledgment is due to Mr. H. C. Boardman, for whom, as chair¬ 
man of the Welding Handbook Committee, preparation of the Third Edition be¬ 
came a responsibility never to be forgotten, and who by his tireless and conscientious 
effort inspired all other committee members. 

While this Handbook is intended primarily to serve as a source of information for 
engineers in the design, fabrication and inspection of welded construction it should 
prove useful to anyone seeking information on welding; the text is sufficiently ex¬ 
tensive to make it useful as an engineering textbook. 

The Third Edition of the Welding Handbook is presented as a tribute to the 
members of the American Welding Society and the welding industry which they 
represent. It is dedicated to meeting their needs with the hope that it will serve 
this purpose well. 

Simon A. Greenberg, Editor 

January 1950 


vi 



TABLE OF CONTENTS 


CHAPTER 

NO. 

Preface 


PAGE 

V 


FUNDAMENTALS OF WELDING 


1. Standard Welding Terms and Their Definitions. 1 

2 . Physics of Welding. 45 

3. Fundamentals of Welding Metallurgy. 79 


GAS WELDING PROCESSES 

4. Gas Welding Equipment and Materials. 

5. Oxy-Acetylene Welding . 

6 . Oxy-Hydrogen, Oxy-(Other Fuel Gas) and Air 

Acetylene Welding. 

7. Pressure Gas Welding. 

ARC WELDING PROCESSES 

8 . Arc Welding Equipment and Materials. 

9. Carbon-Electrode Arc Welding. 

10. Shielded Metal-Arc Welding, Bare Metal-Arc Weld¬ 

ing and Impregnated Tape Metal-Arc Welding. 

11. Atomic Hydrogen Welding. 

12. Inert-Gas Metal-Arc Welding. 

13. Submerged Arc Welding. 

14. Stud Welding . 

RESISTANCE WELDING PROCESSES 


182 

220 

234 

249 

263 

272 

292 


129 

151 

161 

165 


15 . 


Resistance Welding Equipment 


308 


















Vlll 


CHATTER 

NO. 


TABLE OF CONTENTS 


16. Spot, Seam and Projection Welding. 

17. Flash, Upset and Percussion Welding 


PAGE 

362 

421 


miscellaneous welding processes 


18. Forge Welding . 

19. Thermit Welding . 

20 . Induction Welding. 

21 . Surfacing and Metallizing 

22. Brazing . 

23. Soft Soldering. 


447 

449 

465 

470 

498 

515 


CUTTING PROCESSES 


24. 

Oxygen Cutting . 


25. 

Arc Cutting. 


26 A. 

Oxygen Machining Processes.. . . 

55S 

26B. 

Flame Heating and Heat Treating. . . 

. 568 


METALS 


27. Iron, Wrought Iron and Carbon Steels. 580 

28. Cast Irons and Cast Steels. 585 

29. Low Alloy Steels. 598 

30. Chromium Irons and Steels. 520 

31 A. Austenitic Chromium-Nickel Stainless Steels. 648 

3IB. Austenitic Manganese Steel. 572 

32. Aluminum and Aluminum Alloys. 587 

33. Magnesium and Magnesium Alloys. 715 

34. Copper and Copper Alloys. 737 

35. Nickel and High-Nickel Alloys. 770 

36. Lead and Zinc. 792 

37A. Clad Steels. 802 



























TABLE OF CONTENTS 


ix 


CHAPTER 

NO. 

37B. Applied Liners 

38. Filler Metal .. 


PAGE 

832 

843 


DESIGN AND COST CONSIDERATIONS 

39. Design of Welded Joints. 

40. Properties of Welded Joints. 

41. Factors and Data Involved in Estimating Costs. 


871 

882 

909 


INSPECTION AND QUALITY CONTROL 


42. 

43. 

44. 

45. 

46. 


Inspection of Welding. 

Thermal and Mechanical Treatments of Weldments. . 
Statistical Control of Weld Quality. 

Training and Qualification of Welding Personnel. 
Safe Practices in Welding and Cutting. 


932 

986 

1010 

1044 

1060 


APPLICATIONS 


47. 

Buildings . 

i n 7? 

48. 

Bridges. 

1U/Z 

1117 

49. 

Machinery Construction . 

111 / 

50. 

Field-Welded Storage Tanks 

1 1 JO 

1146 

1157 

1 1QC 

51. 

Pressure Vessels and Boilers 

52. 

Ships . 

53. 

Railroads . 

1 oi r 

54. 

Automotive Products 

i j 

1 9 co 

55. 

Aircraft . 

1-tJO 

1 974 

56. 

Transmission Pipe Lines 

1Z/4 

57. 

Industrial Piping . . . 

1 OU J 

1 222 


AWS STANDARDS 


58. 

Standard Welding Symbols 

1 272 

59. 

Standard Methods for Mechanical Testing of Welds 

10/ j 

1442 























TABLE OF CONTENTS 


CHAPTER 

N0 * PAGE 

60. Standard Qualification Procedure. 1471 

61. Filler Metal Specifications. 1508 

TABLES 

62. General Engineering Tables. 1555 

INDEXES 

Author Index . 1581 

Subject Index . 1583 









WELDING METHODS AND PROCESSES 


• • 
Xll 



not*: 

SOLOCRJWQ HO T 9KUXXA 


































































CHAPTER 1 


STANDARD WELDING TERMS AND THEIR DEFINITIONS*! 

A 

Actual Throat: See Throat of a Fillet Weld. 

Air-Acetylene Welding: A gas-welding process wherein coalescence is 
produced by heating with a gas flame or flames obtained from the com¬ 
bustion of acetylene with air, without the application of pressure and 
with or without the use of filler metal. 

Ali-Weld-Affetal Test Specimen: A test specimen wherein the portion 
being tested is composed wholly of weld metal 
Angle of Bevel: See Bevel Angle. 

Arc Brazing: See Twin-Carbon Arc Brazing. 

Arc Cutting: A group of cutting processes wherein the severing of metals 

s effected by melting with the heat of an arc between an electrode and 

the base metal. See Carbon-Arc Cutting and Metal-Arc Cutting 
See also Oxy-Arc Cutting. 

Arc Oxygen Cutting: See Oxy-Arc Cutting. 
a v °ltage across the welding arc. 

rc Welding: A group of welding processes wherein coalescence is pro¬ 
duced by heating with an electric arc or arcs, with or without the 

application of pressure and with or without the use of filler metal 
Arm: See Horn. 

As-Welded : The condition of weld metal, welded joints and weldments 

Atnmfr w, subsec l uent t^mal or mechanical treatment. 

Atomic Hydrogen Welding: An arc-welding process wherein coalescence 

is produced by heating with an electric arc maintained between two 

Imetal electrodes in an atmosphere of hydrogen. Shielding is obtained 

from the hydrogen. Pressure may or may not be used and filler metal 
may or may not be used. 

Automatic Gas Cutting: See Automatic Oxygen Cutting. 

Automatic Oxygen Cutting: Oxygen cutting with equipment which per- 
lorms the cutting operation without constant observation and adiust- 
ment of the controls by an operator. The equipment may or may not 

Cutting ° adlng and unloadin & of the work. See Machine Oxygen 

: Welding with equipment which performs the entire 
welding operation without constant observation and adjustment of the 
controls by an operator. The equipment may or may not perform the 
loading and unloading of the work. See Machine Weldinv 

Axis of a Weld: A line through the length of a weld, perpendicular to the 
cross-sec tion at its center of gravity. See Figs. 1 and 2. 

* The Master Chart and Process Charts, which classify the welding orocesseQ an ri . 

ences and similarities, will be helpful in understanding some of these an A show the,r differ- 

for inclusion in this standard and are available separately? definitions. They are too large 

T Prepared by the AWS Committee on Definitions and Chart. 
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B 

Back Bead: See Back Weld. 

Backfire: The momentary recession of the flame into the torch tip fol¬ 
lowed by immediate reappearance or complete extinguishment of the 
flame. 

Backhand Welding: A gas-welding technique wherein the flame is directed 
opposite to the progress of welding. See Fig. 4. 

Backing: Material (metal, weld metal, asbestos, carbon, granular flux 

etc.) backing up the joint during welding to facilitate obtaining a sound 
weld at the root. 

Backing Bead: See Backing Weld. 

Backing Pass: A pass made to deposit a backing weld. 

Backing Ring: Backing in the form of a ring generally used in the welding 
of piping. 

Backing Strap: See Backing Strip. 

Backing Strip: Backing in the form of a strip. 

Backing Weld: Backing in the form of a weld. See Fig. 6. 

Back Pass: A pass made to deposit a back weld. 

Back Weld: A weld deposited at the back of a single-groove weld. See 
Fig. 7. 

Backstep Sequence: A longitudinal sequence wherein the weld bead 

increments are deposited in the direction opposite to the progress of 

welding the joint. See Block Sequence, Longitudinal Sequence etc 
See Fig. 8. 

Backup: In flash and upset welding, a locator, used to transmit all or a 
portion of the upsetting force to the work pieces. 

Bare Electrode: A filler-metal electrode, used in arc welding, consisting 

of a metal wire with no coating other than that incidental to the draw¬ 
ing of the wire. 

Bare Metal-Arc Welding: An arc-welding process wherein coalescence is 
produced by heating with an electric arc between a bare or lightly- 
coated metal electrode and the work and no shielding is used. Pres¬ 
sure is not used and filler metal is obtained from the electrode. 

Base Metal: The metal to be welded or cut. 

Base-Metal Test Specimen: A test specimen composed wholly of base 
metal. 

Beading: See String Beading and Weave Beading. 

Bead Weld: A type of weld composed of one or more string or weave 
beads deposited on an unbroken surface. See Fig. 13. 

Bevel: A type of edge preparation. 

Bevel Angle: The angle formed between the prepared edge of a member 
and a plane perpendicular to the surface of the member. See Fig. 18. 
Beveling: A type of chamfering. 

Blacksmith Welding: See Forge Welding. 

Block Brazing: A brazing process wherein coalescence is produced by the 
heat obtained from heated blocks applied to the parts to be joined and 
by using a nonferrous filler metal having a melting point above 800° F. 

but below that of the base metals. The filler metal is distributed in 
the joint by capillary attraction. 

Block Sequence: A combined longitudinal and build-up sequence for a 
continuous multiple-pass weld wherein separated lengths are com- 
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pletely or partially built up in cross-section before intervening lengths 
are deposited. See Backstep Sequence, Longitudinal Sequence, etc. 
See Fig. 9. 

Blowhole: See Gas Pocket. 

Blowpipe: See Welding Torch or Cutting Torch. 

Bond: The junction of the weld metal and the base metal, or the junction 
of the base metal parts when weld metal is not present. See Fig. 21. 

Bottle: See Cylinder. 

Boxing: The operation of continuing a fillet weld around a corner of a 
member as an extension of the principal weld. See Fig. 22. 

Braze: A weld wherein coalescence is produced by heating to suitable 

temperatures above 800° F. and by using a nonferrous filler metal, 

having a melting point below that of the base metals. The filler metal 

is distributed between the closely fitted surfaces of the joint by capillary 
attraction. 

Braze Welding: A method of welding whereby a groove, fillet, plug or 
slot weld is made using a nonferrous filler metal, having a melting point 
below that of the base metals but above 800° F. The filler metal is 
not distributed in the joint by capillary attraction. (Bronze Welding, 
formerly used, is a misnomer for this term.) 

Brazed Joint: A union of two or more members produced by the applica¬ 
tion of a brazing process. 

Brazing (Noun): A group of welding processes wherein coalescence is 
produced by heating to suitable temperatures above 800° F. and by 
using a nonferrous filler metal, having a melting point below that of the 
base metals. The filler metal is distributed between the closely fitted 
surfaces of the joint by capillary attraction. 

Brazing Technique: See Welding Technique. 

Build-Up Sequence: The order in which the weld beads of a multiple- 
pass weld are deposited with respect to the cross-section of the joint. 
Block-Sequence, Longitudinal Sequence, etc. See Fig. 10. 

Burner: See Oxygen Cutter. 

Burning In: See Flow Welding. 

Butt Joint: A joint between two members lying approximate^ in the 
same plane. See Fig. 17. 

Butt Weld: A weld in a butt joint. 

Button: In the destructive testing of spot-, seam- and projection-welded 

specimens, that part of a weld, including all or part of the nugget 
which tears out. 1 


Capillary Attraction: The phenomenon by which adhesion between the 

[he cn Ctal base metals > to g eth er with surface tension of 

fitteH Z 1 h ller metal, distribute the fdler metal between the properly 
htted surfaces of the joint to be brazed 1 y 

C ” c An arc-cutting process wherein the severing of 

ewfrn ! S effe , Ct + t d u y meltm g Wlth the heat of an arc between a carbon 
electrode and the base metal. 

mo°HT^ r ?K W n ld l ng: A l arc : weldin g Process wherein coalescence is 
produced by heating with an electric arc between a carbon electrode and 
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the work and no shielding is used. Pressure may or may not be used 
and filler metal may or may not be used. 

Carbon Electrode: A non-filler-metal electrode, used in arc welding, con¬ 
sisting of a carbon or graphite rod. 

Carbon-Electrode Arc Welding: A group of arc-welding processes wherein 

carbon electrodes are used. See Shielded Carbon-Arc Welding, Inert- 

Gas Carbon-Arc Welding, Carbon-Arc Welding and Twin-Carbon Arc 
Welding. 

Carbonizing Flame: See Reducing Flame. 

Carburizing Flame: See Reducing Flame. 


Cascade Sequence: A combined longitudinal and build-up sequence 
wherein weld beads are deposited in overlapping layers. (In manual 
shielded metal-electrode arc-welding a backstep sequence is normally 
used.) See Block Sequence, Build-Up Sequence, Longitudinal Se¬ 
quence, etc. See Fig. 11. 

Chain Intermittent Fillet Welding: Two lines of intermittent fillet weld¬ 
ing on a joint wherein the fillet weld increments in one line are approxi¬ 
mately opposite to those in the other line. See Fig. 23. 

Chamfer: See Edge Preparation. 

Chamfering: The preparation of a contour, other than for a square 
groove weld, on the edge of a member for welding. 

Chill Ring: See Backing Ring. 

Circular Seam Welding: See Transverse Seam Welding. 

Circumferential Seam Welding: See Transverse Seam Welding. 

Coated Electrode: See Covered Electrode and Lightly-Coated Electrode. 

Collar: The reinforcing metal of a non-pressure thermit weld. 

Commutator-Controlled Welding: The making of a number of spot or 

projection welds wherein several electrodes, in simultaneous contact 

with the work, progressively function under the control of an electrical 
commutating device. 

Complete Fusion: Fusion which has occurred over the entire base-metal 
surfaces exposed for welding. See Fig. 26. 


Complete Joint Penetration: Joint penetration which extends completely 
through the joint. See Joint Penetration. See Fig. 29. 

Complete Penetration: See Complete Joint Penetration. 

Composite Electrode: A filler-metal electrode, used in arc welding, con¬ 
sisting of more than one metal component combined mechanically. 
It may or may not include materials which protect the molten metal 

from the atmosphere, improve the properties of the weld metal or 
stabilize the arc. % 


Composite Joint: A joint wherein welding is used in conjunction with a 
mechanical joining process. 

Concave Fillet Weld: A fillet weld having a concave face. See Fig. 31. 

Concavity: The maximum distance from the face of a concave fillet weld 
perpendicular to a line joining the toes. See Fig. 31. 

Concurrent Heating: The application of supplemental heat to a structure 
during a welding or cutting operation. 

Cone: The conical part of a gas flame next to the orifice of the tip. See 
Figs. 38, 39 and 40. 

Continuous Sequence: A longitudinal sequence wherein each pass is 
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made continuously from one end of the joint to the other. See Back- 
step Sequence, Longitudinal Sequence, etc. 

Continuous Weld: A weld which extends without interruption for its 
entire length. 

Convex Fillet Weld: A fillet weld having a convex face. See Fig. 32. 

Convexity: The maximum distance from the face of a convex fillet weld 
perpendicular to a line joining the toes. See Fig. 32. 

Cool Time: In multiple-impulse welding and seam welding, the time 
interval between successive heat times. See Figs. 53, 54 and 55. 

Comer Joint: A joint between two members located approximately at 
right angles to each other in the form of an L. See Fig. 17. 

Corona: The area sometimes surrounding the nugget of a spot weld at 
the faying surfaces, which provides a degree of bonding. 

Cover Glass: A clear glass used in goggles, hand shields and helmets to 
protect the filter glass from spattering material. 

Covered Electrode: A filler-metal electrode, used in arc welding, consist¬ 
ing of a metal core wire with a relatively thick covering which provides 
protection for the molten metal from the atmosphere, improves the 
properties of the weld metal and stabilizes the arc. 

Crater: A depression at the termination of a weld bead. 

Crater Crack: A crack in the crater of a weld bead. 

Cross Wire Weld: A projection weld made between crossed wires or bars. 

Current Regulator: An automatic electrical control device for maintain- 
mg a constant current in the primary of the welding transformer. 

Cutting Attachment: A device which is attached to a gas-welding torcli to 
convert it into an oxygen-cutting torch. 

Cutting Nozzle: See Cutting Tip. 

Cutting Tip: That part of an oxygen-cutting torch from which the gases 
issue. 

Cutting Torch: A device used in oxygen cutting for controlling and 

directing the gases used for preheating and the oxygen used for cutting 
the metal. b 

Cylinder: A portable cylindrical container used for transportation and 
storage of a compressed gas. 

Cylinder Manifold: See Manifold. 


D 

Deposit Sequence: See Deposition Sequence. 

Deposited Metal: Filler metal that has been added during a welding 
operation. 6 s 

Deposition Efficiency: The ratio of the weight of deposited metal to the 
net weight of electrodes consumed, exclusive of stubs. 

Deposition Rate: The weight of metal deposited in a unit of time 

Deposition Sequence: The order in which the increments of weld metal 
are deposited. See Longitudinal Sequence and Build-Up Sequence 

Depth of Fusion: The distance that fusion extends into the blse metal 

Di^ rotn surface melted during welding. See Fig. 25. 

Welding -A member usually shaped to the work contour to 
clamp the parts being welded and conduct the welding current. 
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Forge Welding .—A device used in forge welding primarily to form the 
work while hot and apply the necessary pressure. 

Die Welding: A forge-welding process wherein coalescence is produced 
by heating in a furnace and by applying pressure by means of dies. 

Dip Brazing: A brazing process wherein coalescence is produced by heat¬ 
ing in a molten chemical or metal bath and by using a nonferrous filler 
metal, having a melting point above 800° F. but below that of the base 
metals. The filler metal is distributed in the joint by capillary attrac¬ 
tion. When a metal bath is used, the bath provides the filler metal. 
Double-Bevel Groove Weld: A type of groove weld. See Fig. 12. 
Double- J Groove Weld: A type of groove weld. See Fig. 12. 

Double-U Groove Weld: A type of groove weld. See Fig. 12. 
Double-Vee Groove Weld: A type of groove weld. See Fig. 12. 
Downhand: See Flat Position. 

Drag: The distance between the point of exit of the cutting oxygen 

stream and the projection, on the exit surface, of the point of entrance. 
See Fig. 33. 

Dynamic Electrode Force: See Electrode Force. 


E 

Edge Joint: A joint between the edges of two or more parallel or nearly 
parallel members. See Fig. 17. 

Edge Preparation: The contour prepared on the edge of a member for 
welding. 

Effective Length of Weld: The length of weld throughout which the 
correctly proportioned cross-section exists. 

Electrode: 

Arc Welding. See Bare Electrode, Carbon Electrode, Composite 
Electrode, Covered Electrode, Lightly-Coated Electrode, Metal 
Electrode and Tungsten Electrode. 

Resistance Welding. The part or parts of a resistance-welding machine 
through which the welding current and, in most cases, pressure are 
applied directly to the work. The electrode may be in the form of a 
rotating wheel, rotating roll, bar, cylinder, plate, clamp, chuck or 
modification thereof. 

Electrode Force: 

Dynamic. In spot, seam and projection welding, the force (pounds) 
between the electrodes during the actual welding cycle. 

Theoretical. In spot, seam and projection welding, the force, neglect- 
ing friction and inertia, available at the electrodes of a resistance 
welding machine by virtue of the initial force application and the 
theoretical mechanical advantage of the system. 

Static. In spot, seam and projection welding, the force between the 
electrodes under welding conditions, but with no current flowing and 
no movement in the welding machine. 

Electrode Holder: A device used for mechanically holding the electrode 
and conducting current to it. 

Electrode Lead: The electrical conductor between the source of arc¬ 
welding current and the electrode holder. See Figs. 34 and 35. 
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Electrode Skid: During spot, seam or projection welding, the sliding of an 
electrode along the surface of the work. 

Electronic Heat Control: A device for adjusting the heating value (rms 
value) of the current in making a resistance weld by controlling the 
ignition or firing of the tubes in an electronic contactor. The flow 
of current is initiated each half-cycle at an adjustable time with re¬ 
spect to the zero point on the voltage wave. 

End Return: See Boxing. 



Face of Weld: The exposed surface of a weld, made by an arc- or gas¬ 
welding process, on the side from which welding was done. See Fig°20. 
Face Shield: See Hand Shield. 


Faying Surface: That surface of a member which is in contact with an¬ 
other member to which it is to be joined. 

Filler Metal: Metal to be added in making a weld. 

Fillet Weld: A weld of approximately triangular cross-section joining two 
surfaces approximately at right angles to each other in a lap joint, tee 
joint or corner joint. See Figs. 31 and 32. 

Fillet Weld Size: See Size of Weld. 

Filter Glass: A glass, usually colored, used in goggles, helmets and hand 
shields to exclude harmful light rays. 

Flame Cutting: See Oxygen Cutting. 

Flame Gouging: See Oxygen Gouging. 

Flash: The molten metal which is expelled, or which is squeezed out by 
the application of pressure, and solidifies around the weld % 

Flashback: A recession of the flame into or back of the mixing chamber 
of the torch. 


Flash-Butt Welding: See Flash Welding. 

Flashing Time: In flash welding the time during which the flashing action 
is taking place. See Fig. 56. 

Flash-Off Time: See Flashing Time. 

Flash Weld: A weld made by flash welding. See Fig. 16. 

Flash Welding: A resistance-welding process wherein coalescence is pro¬ 
duced, simultaneously over the entire area of abutting surfaces, bv the 
heat obtained from resistance to the flow of electric current between 
the two surfaces, and by the application of pressure after heating is sub¬ 
stantially completed. Flashing and upsetting are accompanied by 
expulsion of metal from the joint. J 

Flat Position: The position of welding wherein welding is performed from 

the upper side of the joint and the face of the weld is approximately 
horizontal. See Figs. 1 and 2. J 

Flow Brazing: A brazing process wherein coalescence is produced by heat 

mg with molten nonferrous filler metal poured over the joint until 

brazing temperature is attained. The filler metal has a meltine ooint 

above 800 F. but below that of the base metals and is distributed in 
the joint by capillary attraction. 

Flow Welding: A welding process wherein coalescence is produced hv 
heating with molten filler metal, poured over the surfaces to be welded 
until the welding temperature is attained and until the required filler 
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metal has been added. The filler metal is not distributed in the joint 

by capillary attraction. (Burning In, formerly used, is a misnomer for 
this term.) 

Flux: Fusible material used in welding or oxygen-cutting to dissolve and 
facilitate removal of oxides and other undesirable substances. 

Flux-Oxygen Cutting: An oxygen-cutting process wherein severing of 
metals is effected by using a flux to facilitate the cutting. 

Forehand Welding: A gas-welding technique wherein the flame is directed 
toward the progress of welding. See Fig. 5. 

Forge-Delay Time: In spot and projection welding, the time between the 
beginning of weld time, or weld interval, and the time when the elec¬ 
trode force first reaches the specified pressure for forging. See Fig. 54. 

Forge Welding: A group of welding processes wherein coalescence is pro¬ 
duced by heating in a forge or other furnace and by applying pressure 
or blows. ‘ 

Full Fillet Weld: A fillet weld whose size is equal to the thickness of the 
thinner member joined. 

Furnace Brazing: A brazing process wherein coalescence is produced by 
the heat obtained from a furnace and by using a nonferrous filler metal 
having a melting point above 800° F. but below that of the base metals! 
The filler metal is distributed in the joint by capillary attraction. 

Fused Zone: See Fusion Zone, Nugget and Bond. 

Fusion: The melting together of filler metal and base metal, or of base 
metal only, which results in coalescence. See Depth of Fusion. 

Fusion Zone. The area of base metal melted as determined on the cross- 
section of a weld. See Fig. 21. 


G 

Gas Brazing: See Torch Brazing. 

Gas Cutter: See Oxygen Cutter. 

Gas Cutting: See Oxygen Cutting. 

Gas Gouging: See Oxygen Gouging. 

Gas Pocket: A weld cavity caused by entrapped gas. 

Gas Regulator: See Regulator. 

Gas Torch: See Welding Torch and Cutting Torch. 

Gas Welding: A group of welding processes wherein coalescence is pro¬ 
duced by heating with a gas flame or flames, with or without the ap¬ 
plication of pressure, and with or without the use of filler metal. 

Goggles: See Welding Goggles. 

Groove: The opening provided for a groove weld. 

Groove Angle: The total included angle of the groove between parts to be 
joined by a groove weld. See Fig. 18. 

Groove Face: That surface of a member included in the groove. See 
Fig. 19. 

Groove Radius: The radius of a J- or U-Groove. See Fig. 18. 

Groove Weld: A weld made in the groove between two members to be 
joined. The standard types of groove welds (Fig. 12) are as follows. 

Square Groove Weld 
Single-Vee Groove Weld 
Single-Bevel Groove Weld 
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Single-U |Groove Weld 
Single-J Groove Weld 
Double-Vee Groove Weld 
Double-Bevel Groove Weld 
Double-U Groove Weld 
Double-J Groove Weld 

Ground Connection: The connection of the work lead to the work See 
Figs. 34 and 35 

Ground Lead: See Work Lead. 


H 

Hammer Welding: A forge-welding process wherein coalescence is pro¬ 
duced by heating in a forge or other furnace and by applying pressure 
by means of hammer blows. 

Hand Shield: A protective device, used in arc welding, for shielding the 

iace and neck. A hand shield is equipped with a suitable filter glass 
and is designed to be held by hand. 

Hard Surfacing: See Surfacing. 

Heat-Affected Zone: That portion of the base metal which has not been 
melted, but whose mechanical properties or microstructures have been 
altered by the heat of welding or cutting. See Fig. 41. 

Heat Time: In multiple impulse welding or seam welding, the time that 

the current flows during any one impulse. See Figs. 53, 54 and 55. 

xleatmg Gate: The opening in a thermit mold through which the parts to 
be welded are preheated. 

Helmet: A protective device, used in arc welding, for shielding the face 

and neck A helmet is equipped with a suitable filter glass and is de¬ 
signed to be worn on the head. 

Hold Time: 

1. In spot and projection welding, the time during which force is 

applied at the point of welding after the last impulse of current 
ceases to flow. See Figs. 53 and 54. 

2 . In seam, flash and upset welding the time during which force is 

apphed to the work after current ceases to flow. See Figs. 55, 5G 
cinci o 4 • 

Horizontal Fixed Position: 

Pipe Welding. The position of a pipe joint wherein the axis of the 

wTld Ing. PP See Fig^ h ° rizontal and the P>P e is not rotated during 
Horizontal Position: 

F illet Weld. -The position of welding wherein welding is performed on 

the upper side of an approximately horizontal surface and against an 
approximately vertical surface. See Fig 2 “ 

Groove Weld.— The posWon of welding wherein the axis of the weld lies 

an approximately horizontal plane and the face of the weld lies in 
an approximately vertical plane. See Fie 1 

Horizontal Rolled Position: ' 

A formed1n"fh7fl rh r e P°.“ tion . of a PT e J oi »t wherein welding is per- 
iormed in the flat position by rotating the pipe See FiV 1 

Horn: In resistance welding, a beam or La, eXding fro^‘ the frame 
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of a welding machine which transmits the electrode force and usually 
conducts the welding current. 

Horn Spacing: In a resistance-welding machine, the unobstructed work 
clearance between horns or platens at right angles to the throat depth. 

This distance is measured with the horns parallel and horizontal at the 
end of the downstroke. 

Hydrogen Brazing: A method of furnace brazing in a hydrogen atmos¬ 
phere. 

Hydromatic Welding: See Pressure-Controlled Welding. 

I 

Impregnated-Tape Metal-Arc Welding: An arc-welding process wherein 
coalescence is produced by heating with an electric arc between a metal 
electrode and the work. Shielding is obtained from decomposition of 
an impregnated tape wrapped around the electrode as it is fed to the 
Pressure is not used and filler metal is obtained from the electrode 

Inadequate Joint Penetration: Joint penetration which is less than that 
specified. 

Included Angle: See Groove Angle. 

Incomplete Fusion: Fusion which is less than complete. See Fig. 27. 

Indentation. In a spot, seam or projection weld, the depression on the 
exterior surface or surfaces of the base metal. 

Induction Brazing: A brazing process wherein coalescence is produced by 
the heat obtained from resistance of the work to the flow of induced 
electric current and by using a nonferrous filler metal, having a melting 
point above 800° F. but below that of the base metals. The filler metal 
is distributed in the joint by capillary attraction. 

Induction Welding: A welding process wherein coalescence is produced by 
the heat obtained from resistance of the work to the flow of induced 
electric current, with or without the application of pressure. 

Inert-Gas Carbon-Arc Welding: An arc-welding process wherein coales¬ 
cence is produced by heating with an electric arc between a carbon elec¬ 
trode and the work. Shielding is obtained from an inert gas such as 

helium or argon. Pressure may or may not be used and filler metal 
may or may not be used. 

Inert-Gas Metal-Arc Welding: An arc-welding process wherein coales¬ 
cence is produced by heating with an electric arc between a metal elec¬ 
trode and the work. Shielding is obtained from an inert gas such as 

helium or argon. Pressure may or may not be used and filler metal 
may or may not be used. 

Intermittent Weld: See Intermittent Welding. 

Intermittent Welding: Welding wherein the continuity is broken by 
recurring unwelded spaces. See Figs. 23 and 24. 

Interpass Temperature: In a multiple-pass weld, the lowest temperature 
of the deposited weld metal before the next pass is started. 

J 

Joint Brazing Procedure: The materials, detailed methods and practices 
employed in the brazing of a particular joint. 
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Joint Design: The joint geometry together with the required dimensions 
of the welded joint. 

Joint Geometry: The shape and dimensions of a joint in cross-section 
prior to welding. 

Joint Penetration: The minimum depth a groove weld extends from its 
face into a joint, exclusive of reinforcement. See Fig. 28. 

Joint (Unwelded): The location where two or more members are to be 
joined by welding. 

Joint (Welded): See Welded Joint. 

: The materials, detailed methods and prac¬ 
tices employed in the welding of a particular joint. 

Joint Welding Sequence: See Build-Up Sequence. 

K 

Kerf: The space from which metal has been removed by a cutting proc¬ 
ess. See Fig. 33. 


Lack of Fusion: See Incomplete Fusion. 

Lack of Joint Penetration: See Inadequate Joint Penetration. 

Lap Joint: A joint between two overlapping members. See Fig. 17. 

Layer: A stratum of weld metal, consisting of one or more weld beads 
See Fig. 36. 

Lead Burning: A misnomer for the welding of lead. 

Leg of a Fillet Weld: The distance from the root of the joint to the toe of 
the fillet weld. See Figs. 31 and 32. 

Lightly Coated Electrode: A filler-metal electrode, used in arc welding, 
consisting of a metal wire with a light coating applied subsequent to the 
drawing operation, primarily for stabilizing the arc. 

Local Preheating: Preheating a specific portion of a structure. 

Local Stress-Relief Heat Treatment: Stress-relief heat treatment of a 
specific portion of a structure. 

Locked-Up Stress: See Residual Stress. 

Longitudinal Seam Welding: The making of a seam weld in a direction 
essentially parallel to the throat depth of a resistance welding machine. 

Longitudinal Sequence: The order in which the increments of a con¬ 
tinuous weld are deposited with respect to its length. See Backsten 
Sequence, Block Sequence, etc. Step 


IVL 


Machine Oxygen Cutting: Oxygen cutting with equipment which ner- 
torms the cutting operation under the constant observation and con 
trol of an operator. The equipment may or may not perform the load- 

iv/r in ?- an< ^ un ^ oa( ^ in & °f the work. See Automatic Oxygen Cutting 

Machine Welding: Welding with equipment which performs the welding 

operation under the observation and control of an operator Thf 

equipment may or may not perform the loading and unloading of the 
work. See Automatic Welding. ® 1 tile 
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Manifold: A multiple header for connecting several cylinders to one or 
more torch supply lines. 

Manual Oxygen Cutting: Oxygen cutting wherein the entire cutting 
operation is performed and controlled by hand. See Automatic Oxy¬ 
gen Cutting and Machine Oxygen Cutting. 

Manual Welding: Welding wherein the entire welding operation is per¬ 
formed and controlled by hand. See Automatic Welding and Machine 
Welding. 

Mash Seam Weld: A seam weld made in a lap joint wherein the thickness 
at the lap is reduced plastically to approximately the thickness of one 
of the lapped parts. 

Melting Rate: The weight or length of electrode melted in a unit of time. 

Metal-Arc Cutting: An arc-cutting process wherein the severing of metals 

is effected by melting with the heat of an arc between a metal electrode 
and the base metal. 

Metal-Arc Welding: See Shielded Metal-Arc Welding, Impregnated-Tape 
Metal-Arc Welding, Submerged Arc Welding, Atomic Hydrogen Weld¬ 
ing, Bare Metal-Arc Welding, Inert-Gas Metal-Arc Welding, Stud 
Welding and Shielded Stud Welding. 

Metal Electrode: A filler- or non-filler-metal electrode, used in arc weld¬ 
ing, consisting of a metal wire, with or without a covering or coating. 

Metal-Electrode Arc Welding: A group of arc-welding processes wherein 
metal electrodes are used. See Shielded Metal-Arc Welding, Impreg¬ 
nated-Tape Metal-Arc Welding, Atomic Hydrogen Welding, Inert- 
Gas Metal-Arc Welding, Submerged Arc Welding, Shielded Stud Weld¬ 
ing, Stud Welding and Bare Metal-Arc Welding. 

Mixing Chamber: That part of a gas-welding or oxygen-cutting torch 
wherein the gases are mixed. 

Multiple-Impulse Welding: The making of spot, projection and upset 
welds by more than one impulse of current. When alternating cur¬ 
rent is used, each impulse may consist of a fraction of a cycle or a number 
of cycles. 

Multiple-Impulse Weld Timer: In resistance welding, a device for mul¬ 
tiple-impulse welding which controls only the heat time, the cool time, 
and either the weld interval or the number of heat times. 


N 

Neutral Flame: A gas flame wherein the portion used is neither oxidizing 
nor reducing. See Fig. 37. 

Nonpressure Thermit Welding: A thermit-welding process wherein 
coalescence is produced by heating with superheated liquid metal 
resulting from the chemical reaction between a metal oxide and alu¬ 
minum, without the application of pressure. Filler metal is obtained 
from the liquid metal. 

Nonsynchronous Initiation: In resistance welding the initiation or ter¬ 
mination of the welding transformer primary current at any random 
time with respect to the voltage wave. 

Nonsynchronous Timing: See Nonsynchronous Initiation. 

Nugget: The weld metal joining the parts in spot, seam or projection 
welds. 
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o 

Off Time: In resistance welding the time during which the electrodes are 
off the work. This term is generally applied where the welding cycle 
is repetitive. See Figs. 53 to 57. 

Open-Circuit Voltage: In arc welding, the voltage between the terminals 
of a power source when no current is flowing in the circuit. 

Overhead Position: The position of welding wherein welding is per¬ 
formed from the underside of the joint. See Figs. 1 and 2. 

Overlap: Protrusion of weld metal beyond the bond at the toe of the 
weld. See Fig. 40. 

Oxidizing Flame: A gas flame wherein the portion used has an oxidizing 
effect. See Fig. 38. s 

Oxy-Acetylene Cutting: An oxygen-cutting process wherein the severing 
of metals is effected by means of the chemical reaction of oxygen with 
the base metal at elevated temperatures, the necessary temperature 

being maintained by means of gas flames obtained from the combustion 
of acetylene with oxygen. 

Oxy-Acetylene Welding: A gas-welding process wherein coalescence is 
produced by heating with a gas flame or flames obtained from the 
combustion of acetylene with oxygen, with or without the application 
of pressure and with or without the use of filler metal. 

Oxy-Arc Cutting: An oxygen-cutting process wherein the severing of 
metals is effected by means of the chemical reaction of oxygen with the 
base metal at elevated temperatures, the necessary temperature being 
maintained by means of an arc between an electrode and the base metal. 

Oxy-City Gas Cutting: An oxygen-cutting process wherein the severing 

of metals is effected by means of the chemical reaction of oxygen with 

the base metal at elevated temperatures, the necessary temperature 

being maintained by means of gas flames obtained from the combus- 
tion of city gas with oxygen. 

Oxy-Hydrogen Cutting: An oxygen-cutting process wherein the severing 

of metals is effected by means of the chemical reaction of oxygen with 

the base metal at elevated temperatures, the necessary temperature 

being maintained by means of gas flames obtained from the combus¬ 
tion of hydrogen with oxygen. 

Oxy-Hydrogen Welding: A gas-welding process wherein coalescence is 
produced by heating with a gas flame or flames obtained from the com¬ 
bustion of hydrogen with oxygen, without the application of pressure 
and with or without the use of filler metal. 

Oxy-Natural Gas Cutting: An oxygen-cutting process wherein the sever¬ 
ing of metals is effected by means of the chemical reaction of oxygen 
with the base metal at elevated temperatures, the necessary tempera 

ture being maintained by means of gas flames obtained from the com 
bustion of natural gas with oxygen. 

: An oxygen-cutting process wherein the severing 

of metals is effected by means of the chemical reaction of oxygen with 

the base metal at elevated temperatures, the necessary temperature 

bemg maintained by means of gas flames obtained from the combustion 
of propane with oxygen. uu 

Oxygen Cutter: One who is capable of performing a manual oxygen 

cutting operation. 
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Oxygen Cutting: A group of cutting processes wherein the severing of 
metals is effected by means of the chemical reaction of oxygen with the 
base metal at elevated temperatures. In the case of oxidation-resist¬ 
ant metals the reaction is facilitated by use of a flux. See Oxy-Acetyl- 
ene Cutting, Oxy-Arc Cutting, Oxy-City Gas Cutting, Oxy-Hydrogen 
Cutting, Oxy-Natural Gas Cutting, Oxy-Propane Cutting, Oxy-Lance 
Cutting and Flux-Oxygen Cutting. 

Oxygen-Cutting Operator: One who operates machine or automatic 
oxygen-cutting equipment. 

Oxygen Gouging: An application of oxygen cutting wherein a chamfer or 
groove is formed. 

Oxygen Lance: A length of pipe used to convey oxygen to the point of 
cutting in oxygen-lance cutting. 

Oxygen-Lpice Cutting: An oxygen-cutting process wherein only oxygen 
is supplied by the lance and the preheat is obtained by other means. 

Oxygen Lancing: See Oxygen-Lance Cutting. 

P 


Parent Metal: See Base Metal. 

Partial Joint Penetration: Joint penetration which is less than complete. 
See Fig. 30. 

Pass: A single longitudinal progression of a welding operation along a 
joint or weld deposit. The result of a pass is a weld bead. 

Peening: The mechanical working of metals by means of hammer blows. 

Penetration: See Joint Penetration and Root Penetration. 

Percussion Weld: A weld made by percussion welding. 

Percussion Welding: A resistance-welding process wherein coalescence is 
produced, simultaneously over the entire area of abutting surfaces, by 
the heat obtained from an arc produced by a rapid discharge of stored 
electrical energy, with pressure precussively applied during or immedi¬ 
ately following the electrical discharge. 

Platen: In a resistance-welding machine, a member with a substantially 
flat surface to which dies, fixtures, backups or electrode holders are 
attached, and which transmits the electrode force or upsetting force. 

Platen Force: In flash and upset welding the force available at the mov¬ 
able platen to cause upsetting. This force may be dynamic, theoretical 
or static. 

Platen Spacing: See Horn Spacing. 

Plug Weld: A circular weld made by either arc or gas welding through one 
member of a lap or tee joint joining that member to the other. The 
weld may or may not be made through a hole in the first member. If a 
hole is used the walls may or may not be parallel and the hole may be 
partially or completely filled with weld metal. (A fillet-welded hole 
or a spot weld should not be construed as conforming to this definition.) 
See Fig. 14. 

Poke Weld: See Push Weld. 

Poke Welding: See Push Welding. 

Porosity: Gas pockets or voids in metal. 

Positioned Weld: A weld made in a joint which has been so placed as to 
facilitate making the weld. 
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Position of Welding: See Flat, Horizontal, Vertical and Overhead Posi¬ 
tions and Horizontal Rolled, Horizontal Fixed and Vertical Pipe Posi- 
tions. 

Postheating: The application of heat to a weld or weldment subsequent 
to a welding or cutting operation. 

Postweld Interval: In resistance welding, the heat time between the end of 

weld time, or weld interval, and the start of hold time. During this 

interval the weld is subjected to mechanical and heat treatment. See 
Fig. 54. 

Preheating: The application of heat to the base metal prior to a welding 
or cutting operation. 

Pressure-Controlled Welding: The making of a number of spot or pro¬ 
jection welds wherein several electrodes progressively function under 
the control of a pressure-sequencing device. 

Pressure Gas Welding: A gas-welding process wherein coalescence is 

produced, simultaneously over the entire area of abutting surfaces, 

by heating with gas flames obtained from the combustion of a fuel gas 

with oxygen and by the application of pressure, without the use of filler 
metal. 


Pressure Thermit Welding: A thermit-welding process wherein coales¬ 
cence is produced by heating with superheated liquid metal and slag 
resulting from the chemical reaction between iron oxide and aluminum, 

and by applying pressure. The liquid metal from the reaction is not 
used as filler metal. 


Pressure Welding: Any welding process or method wherein pressure is 
used to complete the weld. 

Preweld Interval: In spot, projection and upset welding, the time between 
the end of squeeze time and the start of weld time, or weld interval, 

1 i ^ is preheated. In flash welding, the time 

during which the material is preheated. See Fig. 53, 54, 56 and 57. 

Progressive Block Sequence: A block sequence wherein successive blocks 
are completed progressively along the joint, either from one end to the 
other or from the center of the joint toward either end. 

Projection Weld: A weld made by projection welding. 

Projection Welding: A resistance-welding process wherein coalescence is 
produced by the heat obtained from resistance to the flow of electric 
current through the work parts held together under pressure by elec- 
riodes. The resulting welds are localized at predetermined points by 
the design of the parts to be welded. The localization is usually ac- 
complished by projections, embossments or intersections. 

Pulsation Welding: See Multiple-Impulse Welding. 

Pulsation Weid Timer: See Multiple-Impulse Weld Timer. 

nu Txr 6 V7 i A spot or Projection weld made by push welding. 

Push Welding: The making of a spot or projection weld wherein the 

force is applied manually to one electrode and the work or a backing 
bar takes the place of the other electrode. g 


o 

Quench Time: In resistance welding, that part of the postweld interval 
from the cessation of flow of welding current to the application of a 
current impulse for postheating. See Figs. 54 and 56. PP 
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R 

Random Sequence: See Wandering Sequence. 

Rate of Deposition: See Deposition Rate. 

Rate of Flame Propagation: The speed at which a flame travels through a 
mixture of gases. 6 

Reaction Stress: The residual stress which could not otherwise exist if the 

members or parts being welded were isolated as free bodies without 
connection to other parts of the structure. 

Reactor: A device used in arc-welding circuits for the purpose of minimiz¬ 
ing irregularities in the flow of welding current. 

Reducing Flame: A gas flame wherein the portion used has a reducing 
enect. See Fig. 39. 6 

Regulator: A device for controlling the delivery of gas at some substan¬ 
tially constant pressure regardless of variation in the higher pressure at 
the source. ° ^ 

Reinforcement of Weld: Weld metal on the face of a groove weld in ex- 
cess of the metal necessary for the specified weld size. See Fig. 42. 

Residual Stress: Stress remaining in a structure or member as a result of 
thermal or mechanical treatment or both. 

Resistance Brazing: A brazing process wherein coalescence is produced 
by the heat obtained from resistance to the flow of electric current in a 
circuit of which the work is a part and by using a nonferrous filler metal, 

Th V ’fi?i a .T P Tl a 1 bove J 8 .00 O F ' but below that of the base metals. 
The filler metal is distributed in the joint by capillary attraction. 

Resistance Butt Weld: See Upset Weld and Flash Weld 

£*32“®® w Ut m Weldi A ng: See F pset Weldin g and Flash'Welding. 

n " * gr u 0U P of "' elding processes wherein coalescence is 

produced by the heat obtained from resistance of the work to the flow 

of electric current in a circuit of which the work is a part, and by the 
application of pressure. J 

Resistance Welding Electrode: See Electrode. 

The arrangement of direct current arc-welding leads 

S f ^ 6 W ,°r k 15 the n cg a tive pole and the electrode is the positive 
pole of the welding arc. See Fig. 34. y 

R °ekctrod<^ elding: ThC making of se P ar ated spot welds with circular 

Y el f ing - ^ f° r £ e " we l d ing process wherein coalescence is produced 
by heating in a furnace and by applying pressure by means of rolls. 

Root: See Root of Joint and Root of Weld. 

R< weld raCk: A CraCk ‘ n thC WCld ° r baSC metal occurrin g at the root of a 

Root Edge: A root face of zero width. See Root Face. See Fig. 19 
R< jo t in RaCe See T Fi a g t P g rtl ° n ° f the groove face adjacent to the root of the 
Root Gap: See Root Opening. 

Root of Joint: That portion of a joint to be welded where th» members 
approach closest to each other. In cross-section the root of the joint 
p point, a line or an area. See Fig. 43. 

Root of Weld: The points, as shown in cross-section, at which the bottom 
of the weld intersects the base metal surfaces. See Fig. 44. 
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Root Opening: The separation between the members to be joined, at the 
root of the joint. See Fig. 18. 

Root Penetration: The depth a groove weld extends into the root of a 
joint measured on the centerline of the root cross-section. See Fig. 28. 
Root Radius: See Groove Radius. ° 


S 

Scarf: See Edge Preparation. 

Scarfing: Sec Chamfering. 

Seal Weld: Any weld used primarily to obtain tightness. 

Seam Weld: A weld consisting of a series of overlapping spot welds 

made by seam welding or spot welding. See Fig. 10. 

Seam Weld Timer: In seam welding, a device which controls the heat 
times and the cool times. 

Se f n Welding: A resistance-welding process wherein coalescence is pro- 
duced by the heat obtained from resistance to the flow of electric cur¬ 
rent through the work parts held together under pressure by circular 
electrodes. The resulting weld is a series of overlapping spot welds 
made progressively along a joint by rotating the electrodes. 

Selective Block Sequence: A block sequence wherein successive blocks 

are completed in a certain order selected to create a predetermined 
stress pattern. r 

Se r^^ t ? m + t tl< Vn rC W ? 1( ^ g L ArC weldin S with equipment which con- 
controUed the S ^ mCtal feed ' The advance of the welding is manually 

Series Welding: The making of two spot or seam welds or two or more 

projection welds simultaneously with three electrodes forming a 
series circuit. See Fig. 47. s 

Sequence Timer: In resistance welding, a device for controlling the 

sequence and duration of any or all of the elements of a complete weld- 
mg cycle, except weld time or heat time. 

Sequence Weld Timer: In resistance welding, a device for controlling the 
ing cyde dUrat ‘° n ° f any ° r a11 of the Aments of a complete weld- 

Sheet Separation: In spot, seam and projection welding, the gan sur- 
wekled 12 thC WCld ’ between fayin S surfaces, after the^oint hasten 

Sh ‘ f e i ded Carbon-Arc Welding: An arc-welding process wherein coales- 
cence is produced by heating with an electric arc between a carbon 

of eC a7o1 e H and , the Sh ^ lding is ° btained from tk coXS 

work or both % la fCd int ° thC arC ° r fr ° m a blanket of flux on the 
maynotbeused rCSSUre ° F may DOt be USed and filler metaI ma >' or 
Shielded Metal-Arc Welding: An arc-welding process wherein coales 

metal dectrcxl^and^theivork^ l^ing Ts^ed^md" C ° Vered 
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or similar part, and the other work part, until the surfaces to be joined 
are properly heated, when they are brought together under pressure. 
Shielding is obtained from an inert gas such as helium or argon. 

Shoulder: See Root Face. 

Shrinkage Stress: See Residual Stress. 

Single-Bevel Groove Weld: A type of groove weld. See Fig. 12. 

Single-Impulse Welding: The making of spot projection and upset welds 
by a single impulse of current. When alternating current is used, an 
impulse may consist of a fraction of a cycle or a number of cycles. 

Single-J Groove Weld: A type of groove weld. See Fig. 12. 

Single-U Groove Weld: A type of groove weld. See Fig. 12. 

Single-Vee Groove Weld: A type of groove weld. See Fig. 12. 

Size of Weld: 

Groove Weld .—The joint penetration (depth of chamfering plus the 
root penetration when specified). See Fig. 45. 

Fillet Weld.—For equal leg fillet welds y the leg length of the largest 
isosceles right-triangle which can be inscribed within the fillet-weld 
cross-section. See Fig. 46. 

For unequal leg fillet welds , the leg lengths of the largest right-triangle 
which can be inscribed within the fillet-weld cross-section. See Fig. 

. 46 ‘ 

Skip Sequence: See Wandering Sequence. 

Slag Inclusion: Non-metallic solid material entrapped in weld metal or 
between weld metal and base metal. 

Slot Weld: A weld made in an elongated hole in one member of a lap or 
tee joint joining that member to that portion of the surface of the other 
member which is exposed through the hole. The hole may be open at 
one end and may be partially or completely filled with weld metal. (A 
fillet-welded slot should not be construed as conforming to this defini¬ 
tion.) See Fig. 15. 

Slugging: The act of adding a separate piece or pieces of material in a 
joint before or during welding resulting in a welded joint which does 
not comply with design, drawing or specification requirements. 

Spacer Strip: A metal strip or bar inserted in the root of a joint prepared 
for a groove weld to serve as a backing and to maintain root opening 
during welding. See Fig. 48. 

Spatter: In arc and gas welding, the metal particles expelled during weld¬ 
ing and which do not form a part of the weld. 

Spatter Loss: Metal lost due to spatter. 

Spit: See Flash. 

Spot Weld: A weld made by spot welding. See Fig. 16. 

Spot Welding: A resistance-welding process wherein coalescence is pro¬ 
duced by the heat obtained from resistance to the flow of electric 
current through the work parts held together under pressure by elec¬ 
trodes. The size and shape of the individually formed welds are limited 
primarily by the size and contour of the electrodes. 

Square Groove Weld: A type of groove weld. See Fig. 12. 

Squeeze Time: In spot, seam projection and upset welding, the time inter¬ 
val between the initial application of the electrode force on the work 
and the first application of current. See Figs. 53, 54, 55 and 57. 
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Stack Cutting: Oxygen cutting of stacked metal plates arranged so that 
all the plates are severed by a single cut. 

Staggered Intermittent Fillet Welding: Two lines of intermittent fillet 
welding on a joint wherein the fillet weld increments in one line are 
staggered with respect to those in the other line. See Fig. 24. 

Static Electrode Force: See Electrode Force. 

Stepback Sequence: See Backstep Sequence. 

Stored Energy Welding: The making of a weld with electrical energy 
accumulated electrostatically, electromagnetically or electrochemically 
at a relatively low rate and made available at the required welding rate. 

Straight Polarity: The arrangement of direct current arc-welding leads 
wherein the work is the positive pole and the electrode is the negative 
pole of the welding arc. See Fig. 35. 

Stress-Relief Heat Treatment: Uniform heating of a structure or portion 
thereof to a sufficient temperature, below the critical range, to relieve 
the major portion of the residual stresses, followed by uniform cooling. 
(Note: Terms normalizing, annealing, etc., are misnomers for this 
application.) 

String Bead: A type of weld bead made without appreciable transverse 
oscillation. See Fig. 49. 

String Beading: The deposition of string beads. 

Stud Welding: An arc-welding process wherein coalescence is produced 
by heating with an electric arc drawn between a metal stud, or similar 
part, and the other work part until the surfaces to be joined are properly 

heated, when they are brought together under pressure, and no shield¬ 
ing is used. 

Submerged Arc Welding: An arc-welding process wherein coalescence is 
produced by heating with an electric arc or arcs between a bare 
metal electrode or electrodes and the work. The welding is shielded 
by a blanket of granular, fusible material on the work. Pressure is not 
used and filler metal is obtained from the electrode and sometimes 
from a supplementary welding rod. 

Surfacing: The deposition of filler metal on a metal surface to obtain 
desired properties or dimensions. 

Synchronous Initiation: In spot, seam and projection welding, the initia¬ 
tion and termination of each half-cycle of welding-transformer primary 
current so that all half-cycles of such current are identical. 

Synchronous Timing: See Synchronous Initiation. 


Tack Weld: A weld made to hold parts of a weldment in proper align¬ 
ment until the final welds are made. 6 

Tee Joint: A joint between two members located approximately at rieht 
angles to each other in the form of a T. See Fig. 17. 6 

Temper Time: In resistance welding, that part of the postweld interval 
during which a current suitable for tempering or heat treatment flows 

The current can be single or multiple impulse, with varying heat and 
cool intervals. See Figs. 54 and 56. s 1 

Theoretical Electrode Force: See Electrode Force 

Thermit Crucible: The vessel in which the thermit reaction takes place. 
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Thermit Mixture: A mixture of metal oxide and finely divided aluminum 
with the addition of alloying metals as required. 

Thermit Mold: A mold formed around the parts to be welded to receive 
the molten metal. 

Thermit Reaction: The chemical reaction between metal oxide and alu¬ 
minum which produces superheated molten metal and aluminum oxide 

slag \ 

Thermit Welding: A group of welding processes wherein coalescence is 
produced by heating with superheated liquid metal and slag resulting 
from a chemical reaction between a metal oxide and aluminum, with or 
without the application of pressure. Filler metal, when used, is ob¬ 
tained from the liquid metal. 

Throat Depth: In a resistance-welding machine, the distance from the 
center-line of the electrodes or platens to the nearest point of interfer¬ 
ence for flatwork or sheets. In the case of a seam-welding machine 
with a universal head, the throat depth is measured with the machine 
arranged for transverse welding. 

Throat of a Fillet Weld: 

Theoretical .—The distance from the beginning of the root of the joint 
perpendicular to the hypotenuse of the largest right-triangle that 
can be inscribed within the fillet-weld cross-section. See Figs. 31 
and 32. 

Actual .—The shortest distance from the root of a fillet weld to its face. 
See Figs. 31 and 32. 

Throat Opening: See Horn Spacing. 

Tip Skid: See Electrode Skid. 

Toe Crack: A crack in the base metal occurring at the toe of a weld. See 
Fig. 51. 

Toe of Weld: The junction between the face of a weld and the base metal. 
See Fig. 20. 

Torch: See Welding Torch or Cutting Torch. 

Torch Brazing: A brazing process wherein coalescence is produced by 
heating with a gas flame and by using a nonferrous filler metal having a 
melting point above 800° F. but below that of the base metal. The 
filler metal is distributed in the joint by capillary attraction. 

Torch Tip: See Welding Tip or Cutting Tip. 

Transverse Seam Welding: The making of a seam weld in a direction 
essentially at right angles to the throat depth of a seam welding ma¬ 
chine. 

Tungsten Electrode: A non-filler-metal electrode, used in arc welding, 
consisting of a tungsten wire. 

Twin-Carbon Arc Brazing: A brazing process wherein coalescence is 
produced by heating with an electric arc maintained between two car¬ 
bon electrodes and by using a nonferrous filler metal, having a melting 
point above 800° F. but below that of the base metals. The filler metal 
is distributed in the joint by capillary attraction. 

Twin-Carbon Arc Welding: An arc-welding process wherein coalescence 
is produced by heating with an electric arc maintained between two 
carbon electrodes and no shielding is used. Pressure is not used and 
filler metal may or mayjnot be used. 
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Ultra-Speed Welding: See Commutator-Controlled Welding. 

Underbead Crack: A crack in the heat-afTected zone not extending to the 
surface of the base metal. See Fig. 52. 

Undercut: A groove melted into the base metal adjacent to the toe of a 
weld and left unfilled by weld metal. See Fig. 40. 

Upset: The localized increase in volume in the region of a weld, resulting 
from the application of pressure. 

Upset Butt Welding: See Upset Welding. 

Upset Weld: A weld made by upset welding. See Fig. 16. 

Upset Welding: A resistance-welding process wherein coalescence is 
produced, simultaneously over the entire area of abutting surfaces or 
progressively along a joint, by the heat obtained from resistance to the 
flow of electric current through the area of contact of those surfaces. 
Pressure is applied before heating is started and is maintained through¬ 
out the heating period. 

Upsetting Force: In flash and upset welding, the force exerted at the 
welding surfaces during upsetting. 

Upsetting Time: In flash and upset welding, the time during upsetting. 
See Figs. 56 and 57. 


V 

Vertical Position: The position of welding wherein the axis of the weld is 
approximately vertical. See Figs. 1 and 2. 

Vertical Position: 

Pipe Welding .—The position of a pipe joint wherein welding is per¬ 
formed in the horizontal position and the pipe may or may not be 
rotated. See Fig. 3. 

Voltage Regulator: An automatic electrical control device for maintain¬ 
ing a constant voltage supply to the primary of a welding transformer. 

W 

Wandering Block Sequence: A block sequence wherein successive blocks 
are completed at random after several starting blocks have been com¬ 
pleted. 

Wandering Sequence: A longitudinal sequence wherein the weld bead 
increments are deposited at random. 

Wax Pattern: Wax molded around the parts to be welded by a thermit 
welding process, to the form desired for the completed weld. 

Weave Bead: A type of weld bead made with transverse oscillation See 
Fig. 50. 

Weave Beading: The deposition of weave beads. 

Weaving: See Weave Beading. 

Weld: A localized coalescence of metal wherein coalescence is produced 
by heating to suitable temperatures, with or without the application of 
pressure, and with or without the use of filler metal. The filler metal 
either has a melting point approximately the same as the base metals 
or has a melting point below that of the base metals but above 800° F 
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Weldability: The capacity of a metal to be welded under the fabrication 
conditions imposed into a specific, suitably designed structure and to 
perform satisfactorily in the intended service. 

Weld Bead: A weld deposit resulting from a pass. See String Bead and 
Weave Bead. See Fig. 36. 

Weld Crack: A crack in weld metal. 

Weld Delay Time: In spot and projection welding, the time that the 
weld time is delayed to insure proper sequence of mechanical functions 
in relation to subsequent electrical functions. See Fig. 54. 

Weld Gage: A device designed for checking the shape and size of welds. 

Weld Interval: In resistance welding, the total of all heat and cool times 
when making a single, multiple-impulse weld. See Figs. 53 to 57. 

Weld Interval Timer: In resistance welding, a device which controls heat 

and cool times and weld interval when making multiple-impulse welds 
singly or simultaneously. 

Weld Line: See Bond. 

Weld Metal: That portion of a weld which has been melted during weld¬ 
ing. 

Weld Metal Area: The area of the weld metal as measured on the cross- 
section of a weld. See Fig. 41. 

Weld Penetration: See Joint Penetration and Root Penetration. 

Weld Time: In single-impulse welding and flash welding, the time that 
welding current is applied to the work in making a weld. See Figs. 53 

to 57. 

Weld Timer. In resistance welding, a device which controls only the 
weld time. 


Welded Joint: A union of two or more members produced by the applica¬ 
tion of a welding process. 

Welder: One who is capable of performing a manual or semi-automatic 
welding operation. 

Welding (Noun): The metal joining process used in making welds. (See 
Forge Welding, Thermit Welding, Flow Welding, Gas Welding, Arc 
Welding, Resistance Welding, Induction Welding and Brazing.) 

Welding Current: The current flowing through the welding circuit dur- 
ing the making of a weld. In resistance welding the current used dur- 
ing preweld or postweld intervals is excluded. 

Welding Cycle: In resistance welding, the complete series of events in¬ 
volved m the making of a weld. See Figs. 53 to 57. 

Welding Electrode: See Electrode. 

Welding Force: See Electrode Force and Platen Force. 

Welding Generator: A generator used for supplying current for welding. 

Welding Goggles: Goggles with tinted lenses, used during welding or 

oxygen cutting, which protect the eyes from harmful radiation and fly¬ 
ing particles. 

Welding Ground: See Work Lead. 

Welding Leads: The work lead and electrode lead of an arc-welding cir¬ 
cuit. See Figs. 34 and 35. 

Welding Machine: Equipment used to perform the welding operation. 

For example, spot-welding machine, arc-welding machine, seam-welding 
machine, etc. 
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Welding Operator: One who operates machine or automatic welding 
equipment. 

Welding Pressure: The pressure exerted during the welding operation on 
the parts being welded. (See also Electrode Force and Platen Force.) 

Welding Procedure: The detailed methods and practices including joint 
welding procedures involved in the production of a weldment. 

Welding Process: A metal-joining process wherein coalescence is pro¬ 
duced by heating to suitable temperatures, with or without the applica¬ 
tion of pressure, and with or without the use of filler metal. (See Forge 
Welding, Thermit Welding, Flow Welding, Gas Welding, Arc Welding, 
Resistance Welding, Induction Welding, and Brazing.) 

Welding Rod: Filler metal, in wire or rod form, used in gas welding and 
brazing processes, and those arc-welding processes wherein the elec¬ 
trode does not furnish the filler metal. 

Welding Sequence: The order of making the welds in a weldment. 

Welding Technique: The details of a manual, machine or semi-automatic 
welding operation which, within the limitations of the preserved joint 
welding procedure, are controlled by the welder or welding operator. 

Welding Tip: A welding torch tip designed for welding. 

Welding Torch: A device used in gas welding or torch brazing for mixing 
and controlling the flow of gases. 

Welding Transformer: A transformer used for supplying current for 
welding. 

Welding Wheel: See Electrode. 

Weldment: An assembly whose component parts are joined bv weldinv 

Weldor: See Welder. y 

Work Lead: The electric conductor between the source of arc-welding 
current and the work. See Figs. 34 and 35. 
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FLAT POSITION FLAT POSITION 



HORIZONTAL POSITION HORIZONTAL POSITION 


AXIS OF WELD— 



VERTICAL POSITION 



VERTICAL POSITION 



OVERHEAD POSITION 


OVERHEAD POSITION 


I..J 
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HORIZONTAL FlXEO POSITION (pipe stationary during welding) 
HORIZONTAL ROLLED POSITION (pipe ROTateo during wclOing) 



i 

VERTICAL POSITION 

Fig. 3.—Positions of Pipe During Welding 



Fig. 4.—Backhand Welding 



Fig. 5.—Forehand Welding 



GROOVE WELD MADE AFTER 
WELDING OTHER SIDE 


r 

i 

i 


BACKING WELD 



.Fig. 6.—BackingJWelds 
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GROOVE WELD MADE BEFORE 
WELDING OTHER SIDE 




BACK WELD- 

Fig. 7.—Back Welds 




Fig. 8.—Backstep Sequence 


UNWELDED SPACES FILLED AFTER DEPOSITION 
OF INTERMITTENT BLOCKS 



Fig. 9.—Block Sequence 



Fig. 10.—Build-Up Sequence 


Fig. 11.—Cascade Sequence 
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SINGLE-BEVEL GROOVE WELD 




SINGLE-VEE GROOVE WELD 



DOUBLE-VEE GROOVE WELD 



SINGLE-J GROOVE WELD 






DOUBLE-J GROOVE WELD 



SINGLE-U GROOVE WELD DOUBLE-U GROOVE WELD 

Fig. 12.—Types of Groove Weld 



Fig. 13.—Bead Welds 
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PLUG WELDS MADE THROUGH HOLES 



PLUG WELDS MADE THROUGH MEMBER WITH¬ 
OUT HOLES 

Fig. 14.—Plug Welds 



Fig. 15.—Slot Welds 



UPSET WELD 

Fig. 16.—Types of Resistance Weld 


FLASH WELD 



STANDARD WELDING TERMS 



BUTT JOINT 



EDGE JOINT 


APPLICABLE WELDS 


APPLICABLE WELDS 


SQUARE-GROOVE 
V-GROOVE 
BEVEL-GROOVE 

UPSET 


U-GROOVE 
J-GROOVE 
FLASH 


SQUARE-GROOVE 

BEVEL-GROOVE 

V-GROOVE 

SEAM 


U-GROOVE 

J-GROOVE 

SPOT 

PROJECTION 



TEE JOINT 
APPLICABLE WELDS 



APPLICABLE WELDS 


BEVEL-GROOVE 

J-GROOVE 

PLUG 


FILLET 

SLOT 


SQUARE-GROOVE U-GROOVE 
V-GROOVE J-GROOVE 

BEVE L-GROOV E FILLET 



LAP JOINT 

APPLICABLE WELDS 

FILLET PLUG 

BEVEL-GROOVE SPOT 

SLOT PROJECTION 

J-GROOVE SEAM 


Fig. 17.—Types of Joint 
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GROOVE 




CROOV 

Fig. 


BONO 
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Fig. 23.—Chain Intermittent Fillet Welding 



Fig. 24.—Staggered Intermittent Fillet 

Welding 



DEPTH OF FUSION 





DEPTH OF FUSION 



Fig. 25.—Depth of Fusion 



Fig.'26.—Complete Fusion 
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Fig. 27.—Incomplete Fusion 


ROOT joint 

PENETRATION-] H PENETRATION 



ROOT JOINT 

PENETRATION-, rPENETRATION 




Fig. 29.—Complete Joint Penetration 






Fig. 28.--Root Penetration and Joint Pene¬ 
tration of Groove Welds 


Fig. 30. Partial Joint Penetration 



34 


FUNDAMENTALS OF WELDING 



Fig/31.—Concave Fillet Weld Fig. 32.—Convex Fillet Weld 



Fig. 33.—Drag and Kerf 
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Fig. 36.—Weld Beads and Layers 



flame as SEEN WITHOUT WELDER'S GOGGLES FLAME AS SEEN WITH WELDER’S GOGGLES 

Fig. 37.— Neutral Flame 




Fig. 38.—Oxidizing Flame 




Fig. 39.—Reducing Flame 
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UNOERCUT 


OVERLAP 



OVERLAP 


Fig. 40.—Undercut and Overlap 



WELD METAL AREA 

Fig. 41.—Heat-Affected Zone and Weld 

Metal Area 
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Fig. 43.—Root of Joint 
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ROOT OF WELD 


ROOT OF WELD 

Fig. 44.—Root of Weld 





Fig. 45.—Size of Groove Welds 


Fig. 46.—Size of Fillet Welds 
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Fig. 47.—Series Welding 



Fig. -19.—String Bead 




Fig. 48.—Spacer Strip 



Fig. 50.—Weave Bead 



Fig. 51.—Toe Cracks 


Fig. 52.—Underbead Cracks 


//// 
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Fig. 54. Welding Cycle for Spot and Projection Welding Including Preweld and Postweld Conditioning 
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Fig. 55.—Welding Cycle for Seam Welding 
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CHAPTER 2 


PHYSICS OF WELDING* 


FOREWORD 

Welding involves more sciences and 
variables than any other industrial proc¬ 
ess, which may explain why most of 
those concerned are satisfied with a very 
crude understanding of its problems. 

The principal sciences involved in weld¬ 
ing are physics, chemistry and metallurgy. 
Of these, the physics problems are the 
ones most often neglected and least un¬ 
derstood, particularly from the quantita¬ 
tive point of view. These involve heat, 
mechanics, elasticity, plasticity, electricity 
and magnetism, as well as those very com¬ 
plicated and as yet little understood 
phenomena of the welding arc. Testing 
and research work in this field require a 
knowledge of optics including polarized 
light, X-rays, X-ray diffraction, crystal 
theory and the constitution of matter. 

This chapter is written for those who 
really wish to know the reason why and 
to acquire the habit of dealing with their 
problems quantitatively rather than quali¬ 
tatively. It is not intended to imply that 
a welding engineer must or could be an 
expert in all of these branches of physics 
mentioned above. Moreover, it is ob¬ 
viously impossible to cover in this chap¬ 
ter, even superficially, all of these topics. 
However, it is. hoped that the relatively 
simple applications discussed will help to 
stimulate a greater desire to understand 
the reason why as well as the habit of 
quantitative analysis. Even a modest de¬ 
gree of progress toward this goal would 
mean more for the advancement of weld- 
!”g, and for the sound and rational solu¬ 
tion of its many complicated problems, 
than any quantity of empirical data not 
rationalized and explained. 


T , frepared by a committee consisting of S. L. 
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There are two ways of attacking prob¬ 
lems involving as many variables as do 
those in the welding field. 

The Empirical Method .—This is the 
method most commonly employed and 
involves the making of many tests with 
many combinations of variables, in the 
effort to determine the effect of each by 
the process of elimination. Its chief 
difficulty lies in the fact that the number 
of experiments necessary for anything 
approaching dependable results is ab¬ 
solutely prohibitive. Moreover, if, as 
often happens, the experimenter is not 
fully aware of some of the significant 
variables which may vary from test to 
test without his knowledge, his results, 
when plotted against any given variable! 
yield what is commonly called a shotgun 
diagram rather than a smooth curve. In 
fact, this is the usual result in much of 
our so-called welding research, and is 
often due. to the fact that the variables 
involved in the physics of the problem 
arc not given due consideration, and that 
the quantitative analysis of these variables 
is not available to those concerned. 

The Rational Alethod .— This involves 
first a careful review of the problem with 
respect to all of the known variables, and 
the elimination of those variables which 
are. known to be of minor importance. 
This demands quantitative familiarity 
with the phenomena and the laws in¬ 
volved. . The next step is a rational 
formulation of the relationships between 
the significant variables, in so far as such 
formulation is possible, and the solution 
of the resulting equations. This is much 
more possible with regard to the problems 
involving physics than to those involving 
metallurgy, and it is this opportunity 
which is usually overlooked. In fact the 
whole purpose of this chapter is to point 
out the possibilities in this field and to 
stimulate intelligent interest therein 
As previously stated, it often happens 
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that such rational formulation must in¬ 
volve crude approximations and that the 
resulting solution may not be quantita¬ 
tively accurate. However, in many such 
cases it is possible to couple the rational 
attack with experimental research, by 
means of which the coefficients and some¬ 
times the exponents in the simplified 
equations can be determined to cover the 
range of interest. Moreover, such re¬ 
search rationally planned on the basis of 
a thorough analytical study will be found 
to involve a small fraction of the total 
number of experiments necessary in the 
purely empirical method. Also the ra¬ 
tional solution is vastly more valuable 
from the practical point of view than the 
empirical, since it not only yields an 
understanding of the reason why, but 
also gives a better picture of the relative 
importance of the several variables in¬ 
volved and the degree in which they affect 
the result.. For example, the result may 
be proportional to some power of a given 
variable, fractional or otherwise, and the 
knowledge of this fact often indicates 
definite limitations in the practical appli¬ 
cation of the process in question, or it 
may indicate the most logical method of 
removing those limitations. Also, the 
rational solution may often be extended 
well beyond the range of the experimental 
research, although this should be done 
only with due recognition of the possible 
effect of some of the minor variables 
which were neglected in the original 
solution. 

THE NATURE OF A WELD 

Welding consists of the joining of two 
or more pieces of metal by the application 
of heat and sometimes of pressure. Welds 
accompanied by fusion are by far the 
most common, and these ordinarily do 
not require the application of pressure. 
When pressure is applied to a weld in 
which fusion takes place, the molten metal 
must be confined as within a solid mass 
of the metal. The weld may take place 
without fusion, if the parts are heated to 
such a temperature that cohesion of the 
adjoining faces takes place. This is us¬ 
ually accomplished by the application of 
pressure. Forge or other pressure weld¬ 
ing is usually carried out at subfusion 
temperatures and mostly within the low, 
white heat range. Flash and upset weld¬ 
ing are almost always done at subfusion 


temperatures, whereas spot welding usu¬ 
ally involves fusion of a considerable part 
of the thickness of the two sheets in¬ 
volved. However, actual fusion at the 
boundary is not absolutely essential in 
a spot weld, although it is very difficult 
to apply sufficiently accurate control and 
timing of the heat delivery, to reach the 
welding temperature without passing over 
into the fusion range. Moreover, the 
surfaces would have to be free from all 
foreign substances as well as from any 
considerable oxide film. 

In the case of welding dissimilar metals, 
welds may be made in which the metal 
with the lower melting point is melted 
and the metal with the higher melting 
point remains solid. In this case there is 
an alloy bond formed at the surface of 
the unfused metal. This type of weld 
may possess a great advantage in welding 
metals whose alloys form brittle com¬ 
pounds. 

In the welding of dissimilar metals, a 
mistake has frequently been made of at¬ 
tempting to fuse the two metals together, 
whereas a surface alloy bond would in 
many cases be much more satisfactory. 
This, type of bond is common in the 
brazing of such metals as copper, steel 
and cast. iron. It has also been found 
possible in spot welding, by careful con¬ 
trol, to melt one of the metals without 
fusing the other. In order to accomplish 
this it has been necessary to apply the 
heat in several steps, gradually approach¬ 
ing the melting point of the lower melt¬ 
ing metal.. In this way it is possible to 
avoid melting both metals. 

APPROACH TO THE HEAT 

PROBLEM 

A sound quantitative knowledge of 
thermal phenomena is absolutely essential 
to the solution of many important practi¬ 
cal welding problems. Unfortunately, the 
theory of heat flow, particularly of 
transient heat flow, is not simple from 
the mathematical point of view. More¬ 
over, both the thermal conductivity and 
specific heat, particularly at the high 
temperatures involved in welding, are 
difficult to obtain experimentally, and 
there is in consequence a considerable con¬ 
flict between the data obtained by various 
experimenters. 

Heat is a form of energy with exact 
equivalents in other forms of energy. Heat 
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flows from a region of higher tempera¬ 
ture to a region of lower temperature 
according to the same laws as those of 
electricity in flowing from a region of 
higher potential to a region of lower 
potential. The steady-state heat flow 
between the two faces of a slab of any 
material is proportional to the difference 
in temperature between the two faces of 
the slab and inversely to the thermal re¬ 
sistance of the path, which in this simple 
case is proportional to the length of the 
path, to the thermal resistivity of the 
material and inversely to the cross-section 
of the path, exactly as in the case of an 
electrical resistance. The following dif¬ 
ferences should be noted: 

1. In the case of an electrical con¬ 
ductor, the leakage from the surface of 
the conductor into the air or insulation 
which may surround it is in most cases 
quite negligible, whereas in the case of 
a thermal conductor, particularly at high 
temperatures, it is very difficult to in¬ 
sulate it sufficiently to avoid a consider¬ 
able heat leak from the surface. In 
other, words, the ratio of the electrical 
resistivity of electrical insulators to that 
of electrical conductors is many times 
greater than the corresponding ratio in 
thermal cases. 

2. _ Except in the case of highly in¬ 
ductive electric circuits, that is, those 
with a large electromagnetic inertia, and 
of circuits with high distributed capaci¬ 
tance, the steady state of the current is 
established almost instantly after the 
electromotive force or potential differ¬ 
ence between the two ends of the path 
has been established. In the thermal 
case the steady state may not be reached 
for minutes, hours or weeks. The rea¬ 
son for this is that when heat starts to 
now in at the hot end of the path, a 
part and often a considerable part, is 
absorbed in raising the temperature of 
the zone into which it flows. It is only 
after the temperature of each zone has 
reached the steady state that this ab¬ 
sorption of heat stops. Thus, if one end 
of a uniform bar 1 ft. long, having per¬ 
fectly insulated sides (this is practically 
impossible), were suddenly raised to a 
temperature of 1000°F., it would be 
some time before any increase in tem- 

m ra u Ure t0ok place at the far en(i of 
the bar and a much longer time before 

the temperature of the far end ap¬ 
proached closely to that of the hot end, 
even if the far end and the side walls 
were perfectly insulated. This would be 
analogous to an electric circuit which 
is made up of a lot of resistors connected 


in series, and shunted by capacitors, but 
not at all similar to a simple electrical 
conductor of uniform section. In fact, 
by a proper selection of constants, the 
capacitor-resistor combination can be 
made to behave electrically in exactly 
the same manner as the side-insulated 
bar behaves thermally, although the time 
necessary to reach the steady state may 
differ without affecting the equivalence. 

The amount of heat absorbed by any 
thin slice or zone of the bar, due to a 
given increase in temperature, is propor¬ 
tional to what is commonly called the 
specific heat of the material. The higher 
the specific heat, the more will be the 
heat absorbed in transit and the longer 
will it take for the steady state to be 
reached, other things being equal. Also 
the higher the thermal resistivity the 
longer will be the transient period. The 
specific heat corresponds to the shunted 
capacitance per unit length in the analo¬ 
gous electrical circuit and the thermal 
resistivity to the resistance per unit 
length. There is nothing in the thermal 
problem which is analogous to the in¬ 
ductance or electromagnetic inertia of an 
electrical circuit. 

The mathematics of this simple bar 
problem is by no means elementary and 
would be still less so if the normal prac¬ 
tical boundary conditions were taken into 
account, under which heat is escaping 
from the side walls of the bar at a rate 
depending upon its temperature, the na¬ 
ture and thickness of the insulation and 
the ambient temperature. In fact, the 
insulation will itself pass through a 
transient state which is usually much 
longer than that of the bar. 

In brief, the factor which is chiefly 
responsible for the complication of trans¬ 
ient thermal problems is the heat-absorb¬ 
ing capacity of the materials involved. 
Thus, during the transient state there are 
two independent variables—time and 
space. That is, the temperature at any 
point varies with time, and the tempera¬ 
ture at any time varies throughout the 
length of the path. 

This problem will be treated more 
quantitatively in another part of this 
chapter. 

In spite of these complications and 
mathematical difficulties, it is often pos¬ 
sible by dividing the path into finite 
slices and with simple although laborious 
calculations to get an approximate no- 
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tion of the space and time distribution of 
temperature. Such calculations also help 
the investigator to acquire the habit of 
visualizing. They constitute the first step 
in quantitative thinking. 

Heat Units and Thermal Properties 

of Materials 

A gram calorie is the quantity of heat 
required to raise the temperature of one 
gram of water by 1°C.; more exactly 
the average throughout the range from 
0 to 100° C., since the specific heat of 
water is not absolutely constant at all 
temperatures. 

A kilogram caloric is equal to 1000 
gram calories. When the word calorie 
is used alone, it may be assumed to refer 
to the gram calorie. 

A British thermal unit (Btu.) is the 
heat required to raise the temperature of 
1 lb. of water 1°F., or the average be¬ 
tween 32 and 212°F. 

Heat Equivalents. —One Btu. = 252 
gram calories = 778 ft.-lb. = 1055 joules 
or watt seconds. One gram calorie = 
4.184 joules. 

Rate of flow is the number of quantity 
units per unit of time—calories per 
second, per minute or per hour; Btu.’s 
per second, per minute or per hour; or 
watts (joules per second). 

One Btu. per second = 1055 watts. 

One gram calorie per second = 4.184 
watts. 

The thermal resistance of any heat 
flow path is defined as the ratio of tem¬ 
perature difference between the ends of 
the path, to the rate of heat flow, i.e., to 
the number of heat units passing through 
the path in one unit of time. This is 
similar to electrical resistance which (for 
steady currents) is equal to the ratio of 
the difference of electrical potential be¬ 
tween the ends of the path to the current 
flowing through it, i.e., the resistance in 
ohms is equal to the potential difference 
in volts divided by the current in am¬ 
peres. 

Unfortunately, in the thermal case there 
are two temperature scales (Fahrenheit 
and Centigrade, F. and C.),* two heat units 
(Btu. and calories) and three time units 
(seconds, minutes and hours). Although 
there is no universally employed unit of 
thermal resistance, the one most com¬ 
monly employed in scientific literature is 
degrees Centigrade per calorie per second. 

Kelvin, °K. or °C. abs., is used sometimes. 


The thermal resistivity of any material 
may be defined as the thermal resistance 
between opposite faces of a unit cube of 
that material. This introduces another 
unit, that of length which may be 1 cm., 
1 in. or 1 ft.; there are many possible 
combinations of basic units in which ther¬ 
mal resistivity may be expressed. Many 
heating engineers use as a working defini¬ 
tion the difference in temperature in °F. 
necessary to drive 1 Btu. per hr. through 
a slab 1-in. thick and 1 -ft. square of the 
material in question. 

Thermal resistance may be most simply 
and conveniently expressed in terms of 
°C. per watt since the watt (one joule 
per sec.) is already a rate of flow. A 
heat path is said to have a resistance of 
1 thermal ohm when, in the steady state, 
a difference in temperature of 1°C. is 
required to drive 1 watt of heat through 
it. Accordingly the thermal resistivity 
of a material is expressed in thermal ohms 
per centimeter cube. The use of this 
terminology is increasing rapidly and is 
particularly well suited to welding prob¬ 
lems where the source of heat is so often 
electrical energy. 

Thermal conductivity is the reciprocal 
of thermal resistivity. It is the watts 
P er °C. per cm. 8 or the thermal mhos 
per centimeter cube. Most of the data 
to be found in scientific literature give 
the thermal conductivity in calories per 
C. per cm. 8 , but this can be converted to 
thermal mhos (watts per °C.) by multi¬ 
plying by 4.184. 

All calculations will be made by the 
use of thermal resistance rather than con¬ 
ductance. Moreover, since most welding 
engineers are more concerned with inches 
and °F. than with centimeters and °C, 
resistivities and other thermal properties 
will be presented in the more familiar 

units. The following symbols will be 
employed : 

r * = Thermal resistance in thermal 
ft ohms. °C. per watt. 

r t = Thermal resistance in thermal 

ohms. °F. per watt. 

r," = 1.8r, 

P* — Thermal resistivity in thermal 

ohm-cm. °C. per watt per 
cm. 8 

P*" = Thermal resistivity in thermal 

ohm-in. °F. per watt per in. 8 

P," = 0.71p t 
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Although resistance and resistivity, 
rather than conductance and conductivity 
will be used, conductivity values are also 
given in Table 1, for purposes of com¬ 
parison with other data, which compari¬ 
son will often disclose considerable dif¬ 
ferences, since accurate determinations 
are very difficult to make. In 1 able 1 

7 ,o = Thermal conductivity in calories 

per sec. per °C. per cm. 8 

7 tw = Thermal conductivity in watts 

per °F. per cm. 8 

7 tw = 4.1847, c ; 7t« = i 

pt 

Since pt varies with temperature, values 
are given at two temperatures in Table 1. 
It usually increases with temperature, but 
decreases in aluminum and in 18-8 stain¬ 
less steel. 


As a general example, consider the 
simple case of parallel heat flow through 
a metal slab. Assume the space tempera¬ 
ture gradient (the drop in temperature 
per inch length of path) to be T"°F., 
and compute the heat flow in watts per 
square inch of path section. It is, p” = 
T" / px" since both L and j are unity. Or 
for low-carbon steel />" — T" since pt " = 
1 at low temperatures. For higher tem¬ 
peratures, />," will increase and p" de¬ 
crease. If T” — 1000°F. and pt "»▼». = 
1.33 (see Table 1), p” — 750 watts per 
square inch. For stainless steel this 
would be 278 watts, for aluminum 3220 
watts (more than ten times that for 
stainless steel) and for copper 5200 watts 
per square inch. 

It should be noted that the gradient 
above assumed is 1°F. per mil (0.001 


Table 1—Thermal Constants of Some Metals 


Temperature, °F. 


200 


yte 


932 


200°'* *932° 200° 


Pt -- 


om»o 


-pT~ 


ClQOO 


-Ke a 

0 

100 ° 


10 

0 

1000 ° 


Pure iron 0.18 0.11 0.75 0.40 1.33 2.17 0.94 1.54 0.5 

Low-carbon steel 0.17 0.10 0.71 0.42 1 41 2.38 1.0 1.60 7 8 

High-carbon steel 0.12 0.07 0.50 0.29 2.0 3.42 1.42 2.42 0.3 8 

Stainless steel, 18 

chroiniurn-8 nickel 0.045 0.05 0.19 0.21 5.3 4.8 3.78 3.4 11 ... 

Aluminum 0.49 0.63 2.05 2.04 0.187 0.38 0.340 0.27 12.3 10 

Copper 0.9 0.80 3.76 3.0 0.205 0.277 0.188 0.190 9.3 

a K e is the coefficient of lin. expansion in in. per inch per °P. 


Thermal Resistance of a Heat Path .— 
If the path has a constant cross-section 
of s square inches and a length of L 
inches and is composed of a material with 
a resistivity pt ", its thermal resistance 
will be r," = p t "(L/s) just as in the 
case of electrical resistance. If the cross- 
section is not constant, some equivalent 
value of L/s may be obtained by integra¬ 
tion in those cases where that is possible, 
such as radial flow in a spherical or 
cylindrical shell, or by some means of 
approximation. This ratio L/s or its 
equivalent is sometimes referred to as 
the geometric factor. 

If a temperature difference of 7 °F. be 
maintained between the ends of such a 
path, the heat flow (steady state) will be 

T 

p = i watts 

r% 

or 



T 

1055r," 


iitu. per sec. 


in.), whereas in spot welding thin sheets 
of stainless steel it may be several hun¬ 
dred °F. per mil in very short-time welds. 
That is, the rate of heat flow in such a 
case might easily be 50 kw. per sq. in. of 
spot area. 

Specific heat is defined as the ratio of 
the amount of heat necessary to raise the 
temperature of a given weight or mass of 
a material 1°, to that required to raise 
the temperature of the same mass of 
water 1°, at some specified temperature. 
It is therefore the number of heat units 
required to raise the temperature of a 
unit weight of the substance 1°, e.g., the 
calories to raise 1 gm. of the substance 
1°C., or the Btu.’s to raise 1 lb. 1°F. 

It is sometimes convenient to express 
this as joules per lb. (or per cu. in.) per 
°F. (or per °C.), but these are not 
true specific heats, although proportional 
thereto. 

Average values of specific heat (h.) 
are given in the fourth column of Table 
2. These values apply for the range 
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from 70°F. to the temperature of fusion; 
they are average values, but are close 
enough for practical purposes. 

Latent Heat of Fusion is defined as the 
additional heat required to transform a 
piece of metal of unit weight from the 
solid to the liquid state after it has 
already been raised to the fusion tempera¬ 
ture, without further increase in tempera¬ 
ture. Latent heat of fusion is usually ex¬ 
pressed in Btu. per lb (Hi) as in column 
6 of Table 2 or in calories per gram. 

The values given for the three types of 
steel were not available; they have been 
assumed to be the same as for iron, which 
makes them somewhat high. 


yield point of this steel is only about 
45,000 psi. In other words, the bar will 
be upset and permanently deformed by 
plastic flow. 

If, on the other hand, this bar be 
allowed to cool through the same tem¬ 
perature range, but prevented from con¬ 
tracting by rigid restraint, it will be 
stressed far beyond the tension yield 
point, which is about 40,000 psi. 

Thus the stress set up by heating or 
cooling under rigid restraint, is K*E psi. 
per °F., which is, in the case of steel, 
about 240 psi. per °F., averaged over 
this high temperature range, or about 
200 psi. per °F. in the low range. In the 


Table 2—Specific Heats, Latent Heats of Fusion and Total Heats of Fusion for Some Metals 


Metal 

Tf 

Tf - Ta 

h* 

(T/ - 
To) h e 

Pure iron 

2795 

2725 

0.16 

436 

Mild steel 

2775 

2705 

0.155 

420 

High-carbon 

steel 

2732 

2662 

0.15 

400 

Stainless steel 

(18-8) 

2665 

2595 

0.14 

363 

Aluminum 

1220 

1150 

0.27 

310 

Copper 

1981 

1911 

0.11 

210 


Hi 

Hf 

Jib. 

J" 

g 

115 

115 

551 

535 

581,000 

564,000 

163,500 

159,000 

0.282 

0.282 

115 

515 

543,000 

153,000 

0.282 

115 

170 

88 

478 

480 

298 

504,000 

506,000 

314,000 

142,000 

49,400 

101,000 

0.282 

0.098 

0.323 


range 
Jib 


1/rr* fuS, ^ n , tem r? erat V r ? ° f r ? etal - F.; la- room temperature; h 9 = average specific heat for the 
lge \ If1 a >'\ latent heat of fusion, Btu. per lb.; Hf = total heat of fusion, Btu. per lb.; 

. — joules per lb.; J — joules per cu. in.; g = unit weight, lb. per cu. in. 


Thermal Expansion 

Since one of the most troublesome and 
most difficult problems connected with 
welding is that due to the expansion and 
contraction of the metal during heating 
and cooling, the coefficient of expansion 
or contraction is a vital thermal constant. 
This is given as K e in Table 1 for the 
same metals thus far considered, and in 
inches per inch per °F. It varies with 
the temperature, but accurate values for 
all temperatures are not available. 

Thus, if a bar of mild steel L inches 
long has its temperature raised by T°F., 
its increase in length will be K e LT. If 
L = 10 in., T = 1000°F., and the average 
value of K e throughout this temperature 
range is 8 X 10“®, the expansion will be 
0.08 inch. 

If the bar is restrained from expansion, 
the resulting compressive stress will be 
K 0 TE where E is the modulus of elasticity. 
Taking £ at 30 X 10® the stress in this 
case would be 240,000 psi., provided that 
this were within the elastic range, which 
is not the case, since the compression 


case of 18-8 stainless steel this will be 
330 psi. per °F. in the low range and in 
the case of aluminum 123 psi. per °F. in 
the low range, E being only 10 X 10°. 

These are significant figures, since 
nearly every weld zone cools under par¬ 
tial restraint. In fact both design and 
welding sequence should be such as to 
reduce this restraint to the lowest point 
possible. 

Surface Dissipation of Heat 

When a surface is hotter than the sur¬ 
rounding air, heat is dissipated from it 
by both radiation and convection, which 
follow different laws. These phenomena 
are quite complicated and dependent upon 
the nature, shape and orientation of the 
surface, as well as upon the surroundings, 
particularly the velocity of the air in 
contact with the surface. 

Although this general subject will be 
treated more in detail in a later section 
of this chapter, certain approximate rela¬ 
tions will be noted for use at this point. 

For moderate temperatures, 100 to 
300°F., the total surface dissipation is 
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nearly proportional to the excess of the 
surface temperature over the ambient, or 

surrounding air temperature. 

If 0 , is the surface temperature, 0 a the 
ambient temperature and v the velocity 
of the air in ft. per sec. with respect to 
the surface, then the surface dissipation 
f/" in watts per sq. in. is approximately 

H" = (9, - 9 a ) X 0.0044Y 6 1.6 ~ = W 

where 0 — (0* — 0a) and h is the sur¬ 
face dissipation constant in watts per sq. 

in. per °F. . 

This is only a rough average and is in¬ 
fluenced by many factors. 

Thermal Time Constant 

Consider a body of metal receiving heat 
at a constant rate, with a resulting in¬ 
crease in temperature and in surface dis¬ 
sipation. It will be assumed that at any 
instant the temperature of the body is 

the same throughout. 

Let ( 0. — 0a) — 0, the excess of sur¬ 
face temperature over the ambient tem¬ 
perature. 

Let Cb be the number of Btu.’s neces¬ 
sary to raise the temperature of the body 
by 1°F. This is sometimes called the 
heat capacity and is equal to the weight 
in pounds times the specific heat, or Cb = 
wh.. It will be more convenient to ex¬ 
press this in joules. C — joules per F. 

= 1055 Cb - 1055 wh.. 

Let p — the constant rate at which heat 
is being delivered to the body, expressed 
in watts. Then the joules delivered in / 
seconds will be pt. 

Start with the bodv at ambient tempera¬ 
ture, i.e., 0 = 0 when t = 0. If there 
were no loss by surface dissipation the 
temperature would rise steadily at a rate 
equal to p!C °F. per sec. or d0ldt — 
p/C. In fact, it does start to rise at that 
rate, but as soon as the temperature rises 
above the ambient, surface dissipation be¬ 
gins. If S is the surface area in square 
inches and 0 the temperature rise at any 
time t, the rate of dissipation is Sh0, or 
DO. where D — Sh is the dissipation con¬ 
stant for the body in question. Thus, at 
each instant a part of the heat is being 
dissipated and the remainder goes toward 
raising the temperature of the body. Con¬ 
sider the instant t and the corresponding 
temperature 0. 


p = D0 + C d d ° t (» 


where p is the constant rate of heat de¬ 
livery, DO is the rate of surface dissipation 
and C(d0/dt) the rate of heat storage, 
all in watts. At the start when / = 0 and 
0 — 0, dd/dt = p/C which is the slope of 
the temperature-time curve at the origin 
(see Fig. 1). As 0 increases, dO/dt must 
decrease since p is constant, and there w ill 
always come a time when dO/dt ap¬ 
proaches zero; that is, 0 will approach 
a final limiting value equal to p/D. 

Equation (1) is the same as that for 
the build-up of an electric current in an 
inductive circuit, or the charging of a 
condenser through a resistance. The solu¬ 
tion of (1) is 



where e is the base of Naperian logarithms 
(2.7183). 


When t 


CC , 0 



indicated 


above. 


When / 


C 

/)’ 



= 0.632 


P 

I). 


C/D is called the time constant T of 
the system and is the time required for the 
temperature to reach 0.632 of its final 
value, p/D. This is a very important 
constant, whether dealing with the heating 
up of an electric motor under constant 
load and losses, of an underground cable 
or of a spot-weld zone. In the case of 
the motor, T is of the order 1 hr., for 
the cable many hours and for a spot weld 
in thin steel 6.01 sec. and much less for 
thin aluminum. 


Application to Spot Welding 

In order to illustrate the nature of this 
thermal time constant point of view, con¬ 
sider making a spot weld between two 
sheets of 0.02-in. aluminum. 

Before considering the heat dissipation, 
it will be necessary to consider the rate 
of heat generation in the several parts of 
the weld zone due to the welding current. 
In any zone of electrical resistance r 
ohms, this is at any instant, p — vr watts, 
where i is the current in amperes at the 
instant in question. But since the cur- 
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rent is not constant in spot-welding prac¬ 
tice, and the rate of heat delivery varies 
widely according to the shape of the cur¬ 
rent wave, it will be necessary to assume 
an equivalent constant current and con¬ 
stant rate of heat generation, which is 
/> aTf . = Pr watts, where / is the root- 
mean-square (rms.) value of the current 
during the welding period. Although this 
neglects any effect of current wave shape, 
it will be sufficient for the present pur¬ 
pose. Other refinements of analysis, such 
as taking account of the distribution of 
current in the weld zone, have no place in 
this thermal analysis, aimed only at a 
rough quantitative perspective. 

The total electrical resistance between 
the electrodes may be divided into three 
parts: (1) r«, the interface contact re¬ 
sistance; (2) r m , the metal resistance of 
the sheets; (3) 2r*, the electrode contact 
resistance. 

The relative magnitudes of these vary 
widely with different metals, different sur¬ 
face conditions, different pressures and 
different temperatures. Without a de¬ 
tailed discussion of these complicated re¬ 
lations, certain quantitative values will be 
assumed and an effort made to present a 
fair picture of the thermal phenomena. 

For the purpose of this crude picture, 
assume that at the start, r e is equal to 
the resistance of 10 mils thickness of the 
metal being welded and that r« is equal 
to the resistance of 20 mils of the same 
metal. Both of these contact resistances 
drop rapidly with the increase of tempera¬ 
ture and r< will obviously disappear as 
soon as fusion starts at the interface. 

As the temperature of the metal rises, 
its resistivity increases at the rate of 
about 0.25%* per °F. As the initial rate 
of heat generation is a maximum at the 
interface, the temperature and resistivity 
will rise most rapidly in that zone. Thus, 
the initial high r« will be replaced in 
some degree by a thin layer of hot, high- 
resistivity metal which insures a maximum 
rate of heat generation in the interface 
zone. 

In the meantime the relatively high ini¬ 
tial rate of heat generation under the 
electrodes reduces the contact resistance 
r,. Also the considerable heat developed 
at this point is carried off rapidly by the 
electrode material which is of high ther- 


* This holds only for fairly pure metals. It is 
much less for high-resistivityalloys. 


mal conductivity. In fact, this is one of 
the fundamental requirements of the elec¬ 
trode material. 

Thus, while the rate of heat generation 
under the electrodes is decreasing, that 
in the weld zone as a whole remains fairly 
constant or may even increase after a 
certain time. In any case, the weld zone 
has the highest temperature and heat 
flows therefrom in both directions to the 
much cooler electrodes. In fact, it is the 
magnitude of this heat flow and of the 
corresponding heat dissipation coefficient 
which are of primary interest in connection 
with this particular problem. 

From the above crude picture it is 
obvious that anything approaching an 
exact analysis of the temperature dis¬ 
tribution between electrodes throughout 
the welding period is impossible, not only 
because of the mathematical difficulties 
but also because of our lack of knowledge 
of both the electrical and thermal contact 
resistances of the interface and electrode 
contact zones. Any values assumed for 
these contact resistances are exceedingly 
crude and the quantitative results obtained 
therefrom should be accepted as indicating 
only the general relationships involved and 
the general nature of the phenomena. 
Even then they will be found to be very 
valuable from the practical point of view. 

In order to reduce this particular prob¬ 
lem to the basis of the thermal time 
constant concept, it will be assumed that 
the body consists of the central half of 
the region between the electrodes, labeled 
D in Fig. 2. This is substantially the 
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Fig. 2.—Aluminum Spot-Welded Specimen 
for Temperature Time Study 


weld zone, fusion zone or nugget of the 
conventional spot weld. Assume further, 
that heat is being delivered to this body 
at a constant rate and that as its tem¬ 
perature rises above that of the elec- 
trodes, heat will flow from the body 
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through the cylindrical discs between the 
body and the electrodes and through the 
thermal contact resistances between the 
electrodes and the sheets. Although this 
thermal contact resistance varies with 
both pressure and temperature, it will be 
assumed that at normal pressure and at 
the average temperature, the thermal con¬ 
tact resistance is equal to the thermal 
resistance of 10 mils (0.01 in.) of the 
metal being welded. This is probably too 
high, particularly at high temperatures. 

The volume of the body B is one-half 
of the weld zone, and is, in this case, V 
= 0.00019 cu. in., and its weight, W — 
0.00019 X 0.0976 = 0.0000185 lb. Since 
the average specific heat of aluminum is 
0.27, the heat capacity constant is 

C = 1055 IVh, zz 0.00526 joules per °F. 

It cannot be assumed that the electrodes 
remain at ambient temperature throughout 
the welding period, since a considerable 
amount of the heat is generated at the 
electrode contact surfaces by the electrical 
contact resistance r,. This can be roughly 
accounted for by reducing D to one-half 
of what it would be with constant ambient 
electrode temperature. This is equiva¬ 
lent to assuming that the electrode surface 
temperature rises half as rapidly as that 
of the body, which is a fair approxima¬ 
tion for optimum welding conditions, al¬ 
though in some cases it may rise at a 
higher relative rate. However, one of 
the major requirements in spot welding 
is to keep this temperature below the 
danger point. 

Thus the heat is dissipated from the 
body B, partly by conduction through the 
two thin discs between B and the elec¬ 
trodes, and partly by edgewise conduction 
into the surrounding sheets. The latter is 
usually much smaller than the former, 
and will be neglected in this very crude 
picture. Consider then, the conduction to 
the electrodes. The thermal resistance of 
the two paths in parallel is 

r> = * fe* + r ") 

where /><" is the average thermal resis¬ 
tivity of the metal, 5 the thickness of the 
sheets, S the area of the spot or section 
of the heat flow path, and r*, the thermal 
resistance between each electrode and the 
work. But we have assumed above that 



0.0 W 

5 


Then, 




0.65 + 0.01 
5 



thermal ohm 

inches 


or, since = 0.32, S = 0.0095 sq. in. 
and 5 = 0.02 in., therefore, r t = 0.337°F. 
per watt. Since Di = watts per °F., then 
Di = l/r» —- 2.97 watts conducted to 
the electrodes per °F. difference in tem¬ 
perature between B and the electrode. 
But since it is assumed that the electrode 
temperature increases half as rapidly as 
the body B, the true D when expressed as 
watts per °F. of temperature rise of the 
body itself will be D — DJ2 = 1.48, or, in 
order to simplify the numerical work, 
assume D = 1.5. 

The resulting time constant will then be, 



0.00526 

1.5 


0.0035 sec. 


A little consideration will show that the 
separation of the whole weld zone into 
the body B and the two conducting discs 
is wholly artificial. Nevertheless B cor¬ 
responds roughly to the familiar weld 
zone or nugget, and the maximum tem¬ 
perature gradient during much of the 
weld period is from B outward to the 
electrodes. However, this whole picture 
is based on conventional welding times, 
and would have to be altered to fit condi¬ 
tions that differ therefrom. 

In spite of all the crude approximations 
the resulting picture is helpful in acquir¬ 
ing a quantitative perspective of this prob¬ 
lem, particularly when analyzed with re¬ 
gard to different materials and different 
thicknesses. 

Figure 1 shows the temperature-time 
curves for this particular case and for 
two different rates of power input, p. 
It should be noted that p is the power 
delivered to the imaginary body which is 
only one-half the weld zone, and that the 
power delivered between the two elec¬ 
trodes (Eel), (where E e is the rms. volts, 
between electrodes and I the rms. am¬ 
peres) is about 2 p in this case, more in 
some cases. 

For thicker sheets, the thickness of the 
body B should remain the same (0.02 in.) 

for fast welds or increased slightly for 
slow welds. 

It should also be noted that in making 



PHYSICS OF WELDING 


55 


an actual weld the power delivered is 
not constant in either the a.c. method or 
in the stored-energy method. Even thus 
both the time constant and the curves have 
real significance. In fact, this is just 
a starting point for a more thorough 
study of this whole problem, which is full 
of interest to the analytical mind, as well 
as of possibilities of practical value. 

Although these curves and equations 
could be discussed at considerable length, 
only a few of the most significant rela¬ 
tions will be noted. 

1. If it were possible to measure the 
temperature at the interface and to plot 
it against time, the resulting curve 
would probably differ very materially 
from that shown in Fig. 1. In fact, at 
the start, and due to the high initial 
interface resistance, the temperature 
would rise more rapidly, and before the 
temperature of the remainder of the 
body had risen to any appreciable ex¬ 
tent. However, the substantial equali¬ 
zation of temperature throughout the 
weld zone takes place very rapidly and 
the upper limit of that zone is deter¬ 
mined by the ability of the electrodes 
to carry off the tremendous amount of 
neat conducted from the high-tempera- 
ture weld zone through the intervening 
thermal resistance. In fact, it is alto¬ 
gether probable that in many cases of 
conventional welds, the electrode surface 
temperature rises considerably above 
that assumed, namely one-half the tem¬ 
perature rise of the weld zone. In this 
case the heat dissipation coefficient, D, 
would be reduced from the value com¬ 
puted above. If this process goes too 
* ar j t* 16 resu ^ will be overheated elec¬ 
trodes, surface burning, serious indenta¬ 
tion and unnecessary waste of energy. 
In fact, this often happens when the 
rate of heat input is too low and the 
welding time correspondingly long. 
Also in this case, the upper part of the 
temperature-time curve would rise 

above that shown in Fig. 1 owing to 
^e decrease of the dissipation coefficient 

2. Unless the power delivered to the 
we d zone is sufficient to complete the 
weld in three or four times T sec., it 
will not be completed at all except 
when accompanied by the undesirable 
teatures mentioned in paragraph (1). 

*5. If p is sufficient but t is too long 
the same undesirable results will ensue• 

1 Ron • the c V^ ve corresponding to p = 
con ^dered, the only results of 

would 1 T g time S reate r than 0.02 sec. 
would be a greater thickness of the 


fusion zone and perhaps some of the 
undesirable results mentioned above. 
The quantitative part of this statement 
may not be exact, but it is qualitatively 
sound. 

4. The following relations are ap¬ 
proximately true: T is proportional to 
the thermal resistivity of the metal, to 
its specific heat and to the square of the 
thickness, 8. Two sheets only are as¬ 
sumed. 

5. # A comparison of the two curves 
of Fig. 1 shows that when p is doubled, 
the total joules required to complete 
the weld is reduced to about one-third, 
owing to the fact that the heat loss in¬ 
creases even more rapidly than the 
welding time. In fact, in the case of 
the slow weld (/> = 1800) the total 
joules delivered between electrode tips 
is about 12 times that necessary to fuse 
the weld zone, and even this is less than 
that under conventional welding tech¬ 
nique. This heat loss decreases with in¬ 
crease of thermal resistivity and even 
more rapidly with increase of thickness. 

This spot-welding problem has been 
discussed to some length, because it is an 
interesting example of the value of ther¬ 
mal arithmetic and provides a very useful 
aid to the visualization of the quantitative 
relations involved. It also indicates the 
value of more accurate quantitative ex¬ 
perimental data which would make pos¬ 
sible much closed approximations. 

The analysis is wholly theoretical and 
makes no pretense at accuracy, although 
the general nature of the relations between 
the thermal properties of the material, the 
dimensions and the conclusions is correct. 


Transient Heat Flow 

Although the above discussion of the 
thermal time constant deals in a very 
crude way with both space and time-tem¬ 
perature changes, it does not attempt to 
deal with point-to-point variations of tem¬ 
perate throughout the region under 
study, as is necessary in many welding 
problems. For example, it is often of 
vital importance to know with reasonable 
accuracy the rate of cooling, in degrees 
per second, in several parts of the weld 
zone, since both the microstructure and 

the residual stresses are critically related 
thereto. 


. . - —'-'i sicci mere is 

critical rate of cooling throughout tl 
transformation range or at different par 
of that range, above which the micr 
structure and the physical properties a: 
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undesirable, and below which they are 
desirable, or at least acceptable. It is 
thus vitally important to be able to predict 
this rate of cooling for any given case, 
or to know how to modify the welding 
technique so as to keep the cooling rate 
within the desired limits. It depends 
upon the thermal properties of the mate¬ 
rial, upon the geometry of the setup and 
upon the rate and location of the heat 
delivery. 

The rate of cooling of a spot weld may 
be obtained roughly by a reversal of the 
analysis given above, but it will vary with 
the welding time and the spread of the 
heat during that time. 

From a purely theoretical standpoint 
this determination of cooling rate in 
most cases is a very difficult job. This 
is one of those cases where the rational 
attack must be supplemented by experi¬ 
mental research. It is also one of those 
cases where this method of attack not 
only saves a large amount of time in ex¬ 
perimental work, but also develops a 
thorough understanding of the quantitative 
connection between the several variables 
and the result. 

Methods of dealing quantitatively with 
such problems will be explained later on 
in this chapter. 

THE GENERATION OF HEAT 

Heat may be generated by electrical, 
chemical or mechanical means. Of the 
electrical methods for the generatioh of 
heat there are two of great importance— 
the electric arc and electrical resistance. 
A third method of electrical heating, by 
induction, is often considered separately 
but is really a resistance method in which 
the current is induced in, rather than con¬ 
ducted to, the piece in which the heating 
takes place. 

The Electric Arc 

The electric arc is a particularly suit¬ 
able source of energy for welding since 
its heat is effectively concentrated. The 
energy input may be supplied from effi¬ 
cient electrical generators and trans¬ 
formers with suitable controls and re¬ 
sponse characteristics. Inert or special 
atmospheres may be used if desired. Large 
quantities of electrical energy are readily 
available at low cost in most industrial 
locations. 

Although electric arcs have been used 


and studied for more than half a century 
their properties are complex functions of 
so many variables that only recently have, 
there been established fundamental prin¬ 
ciples of general usefulness in predicting 
arc properties. These, for the most part, 
are limited in application to specific re¬ 
gions of the arc, and often to specific 
operating conditions. Much further study 
will be required before the design and 
control of practical electric welding arcs 
can be reduced to an exact, quantitative 
science. 

The physics and properties of the arc 
column differ radically from those of re¬ 
gions of the discharge adjacent to the 
electrode and work surfaces. Welding arcs 
are subject to severe transients and rapid 
fluctuations in length, position, current 
and voltage, such that the average char¬ 
acteristics over any extended period of 
time may not correspond to any specific 
steady-state operating condition which can 
be evaluated quantitatively from available 
theory of the electric arc. The thermal 
time constant required for establishing 
equilibrium in any steady state is of the 
order of one millisecond. The welding 
arc is characterized therefore, by operation 
for short intervals in each of many steady 
states or equilibrium conditions, with rapid 
transients between these intervals. 

The Arc Column .—The welding arc 
column is characterized by a nearly con¬ 
stant temperature of the order of 6000 
— 300°C. abs., throughout the length and 
diameter of the arc column. The ions, 
electrons, and neutral particles within the 
arc column are essentially in thermal equi¬ 
librium, that is, they have kinetic energies 
corresponding to the same temperature. 
The temperature of the surrounding gas a 
few hundredths of an inch from the 
boundary of the arc column is nearly that 
of the environment. The temperature of 
the electrode material probably cannot 
greatly exceed its boiling point. Con¬ 
sequently, tremendous temperature gra¬ 
dients exist in the well-defined boundary 
of the luminous arc column and at the 
ends of the arc column adjacent to the 
electrodes and the work. 

The heat produced by the arc current 
flowing through the potential drop in the 
arc column is lost by conduction, convec¬ 
tion and diffusion to the surrounding at¬ 
mosphere and to the work or electrode. 
Most diatomic gases, such as oxygen and 
nitrogen, in the arc atmosphere are almost 
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completely dissociated at arc temperatures, 
and contribute greatly, like atomic hydro¬ 
gen, to the transfer of heat. These dis¬ 
sociated atoms, together with the ions 
and electrons, recombine quickly in the 
surrounding cold gas or on adjacent sur¬ 
faces of the work or electrode. 

The temperature of the positive column 
is determined by the arc current, by the 
heat conduction and convection properties 
of the arc atmosphere and environment, 
and by the effective ionization potential of 
the arc gases. A change in any one of 
these factors produces corresponding 
changes in the voltage gradient and arc 
column diameter, such that the heat pro¬ 
duced in the arc is equal to that trans¬ 
ferred to the arc environment. Increasing 
the arc current tends to increase the 
column diameter, and, within limits, the 
arc column temperature. Increasing the 
heat-transfer ability of the arc atmosphere 
(as by increasing the gas pressure or by 
changing from argon to nitrogen or air, 
or by changing from air to hydrogen) 
reduces the arc column diameter and in¬ 
creases the temperature and the voltage 
gradient in the arc column. Lowering 
the effective ionization potential of the 
arc atmosphere, as by introducing easily 
ionized arc-stabilising constituents in the 
electrode coating tends to lower the arc 
column voltage gradient and temperature. 
The electrical properties of the arc col¬ 
umn are thus determined by the arc at¬ 
mosphere and environment. Similar arc 
column temperatures and electrical char¬ 
acteristics may be obtained with different 
gases, provided the heat conductivities 
and effective ionization potentials of the 
arc atmospheres are similar. 

Relatively small amounts of metallic 
vapors with low ionization potentials (5 
to 8 volts) can greatly lower the effective 
ionization potential in the arc column 
from the values characteristic of atmos¬ 
pheric gases (14 to 16 volts). The num¬ 
ber of ions, fit, available to conduct the 
electric current through the positive col¬ 
umn (as compared with the number of 
neutral gas molecules, N ) may be esti¬ 
mated by Saha’s equation : 

log,, = -5040 p + | log,, T + 15.38 

This equation indicates that the ion con¬ 
centration depends only upon the tempera¬ 
ture, T (°C. abs.), and the effective ioni¬ 


zation potential, F« (volts). Since large 
quantities of metallic vapor with low ioni¬ 
zation potentials are available in metal-arc 
welding, the temperature (as determined 
by the heat transfer characteristics of the 
gaseous atmosphere) is the major factor 
in determining the electrical characteris¬ 
tics of the arc column. Enclosing the arc 
within a thermal gas-producing shield, 
such as is provided by coatings of welding 
electrodes, has a significant stabilizing in¬ 
fluence upon most welding arcs. 

Within the arc column, the voltage 
gradient, E (volts/centimeter), is related 
to the total arc current, i (amperes), by 

E = B/i n 

where B and « are constants. An in¬ 
crease in current is usually accompanied 
by a decrease in tlie arc column voltage 
gradient. This situation differs radically 
from the case of ohmic resistance, through 
which an increase of current requires an 
increase of applied voltage. This negative 
resistance characteristic of the arc column 
gives the volt-ampere curve of most arcs 
a negative slope. A series resistance, or 
ballast, is usually required to maintain 
arc stability from a constant potential 
source. Most welding generators, how¬ 
ever, have drooping volt-ampere char¬ 
acteristics, so that stable operation is 
assured. 

The Electrode Regions. —The arc col¬ 
umn extends very close to the electrodes. 
In the case of an arc between tungsten 
electrodes in hydrogen, the total length 
of the electrode voltage drop region (out¬ 
side of the arc column) has been meas¬ 
ured as less than 0.001 mm. A consider¬ 
able voltage drop, of the order of the 
ionization potential of the arc atmos¬ 
phere, occurs within these electrode re¬ 
gions in the arc. Consequently, the elec¬ 
trode regions are characterized by tre¬ 
mendous local potential and temperature 
gradients. Considerable heat, with a mag¬ 
nitude approximately equal to the product 
of the electrode potential drop and the 
arc current, is produced in each electrode 
region and is probably transferred to the 
electrode or to the work material. Addi¬ 
tional heat is supplied by recombination 
of dissociated molecules of diatomic gases 
and of ionized gases upon or near the sur¬ 
faces. In many arcs, the voltage drop at 
the positive terminal is much higher than 
the voltage drop at the negative terminal 
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In such cases, the greater heat produced 
at the positive terminal explains the gen¬ 
eral use of a polarity which makes the 
work positive and the electrode negative. 
This results from the fact that the work 
usually has the larger mass and, there¬ 
fore, requires the greater heat input for 
proper fusion. This polarity is referred 
to as straight polarity. The energies 
corresponding to the terminal drops of 
voltage are most effectively utilized be¬ 
cause they are delivered exactly where 
needed to melt the electrode at one termi¬ 
nal of the arc, and to melt the work at 
the other terminal of the arc, in prepara¬ 
tion to receive the deposited molten metal. 

Although the maximum heat is de¬ 
veloped at the positive electrode in the 
case of several types of bare electrodes, 
the reverse condition is true in some cases 
with a covered electrode. With certain 
ionizing elements obtained with covered 
electrodes, satisfactory operation of the 


the total voltage and may exert a signifi¬ 
cant influence upon the stability and ease 
of restriking of the arc. Refractory elec¬ 
trodes such as carbon and tungsten may 
attain high temperatures and have a 
copious thermionic emission. Low-boiling- 
point materials, on the other hand, may 
require higher applied voltages to re¬ 
strike an arc and to continue adequate 
emission. 

Welding Arc Characteristics.—The 
total voltage across the arc is composed 
of the electrode voltage drops, A, and the 
positive column voltage drop, Bl/i n , 

Faro — A Bl/i n 

where / is the effective length of the 
positive column. For a given welding 
current, the total arc voltage increases 
as the arc length is increased. With fixed 
generator settings, lengthening the arc 
tends to decrease the arc current. With 



Fig. 3.-Iron Wolding-Arc Voltage as a Function of Current (Arc Length - 1.17 Mm ) 

and of Arc Length (Current from 40 to 200 Amp.) * 


arc requires that the electrode be con¬ 
nected to the positive terminal of the 
welding generator. With this situation, 
greater heat appears to be developed at 
the work (negative terminal), as is evident 
from the increased penetration secured 
with this polarity, commonly called re¬ 
verse polarity. 

The supply of electrons and ions to 
conduct current in the electrode region is 
significantly influenced by the electrode 
properties and temperature. With short 
arcs, the phenomena at the electrodes of 
the arc consume a considerable part of 


fixed arc length, increasing the total ap¬ 
plied arc voltage tends to increase the arc 
current. Typical welding arc characteris¬ 
tics (obtained with water-cooled iron 
electrodes to eliminate high voltage drop 
due to higher resistance in hot electrodes) 
are shown in Fig. 3. Short arcs, Vie to 
Ve-in. long, with high currents (50 to 
1000 amp.) are commonly used in arc 
welding. Under these conditions, the 
total arc voltages are usually relatively 
low (20 to 40 volts) in air, and some¬ 
what higher in hydrogen. 

In order to start a welding arc with any 
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reasonable voltage, it is necessary to bring from zero (during short-circuiting of 

the electrodes in contact, and then make the electrodes by the molten metal) to a 

a gradual separation. This operation is maximum (after a large quantity of elec- 

referred to as striking the arc. A mini- trode material lias been transferred). In 

mum open-circuit voltage satisfactory for some cases, two arcs exist in series while 

striking a d.c. welding arc is about 60 the metal drop is in transit, introducing 
volts, although a somewhat higher volt- two sets of electrode drop regions and 
age, for example, 80 volts, would be consequently requiring unusually high arc 
preferable under many circumstances, if voltages. These variations in arc voltage 
no penalty were attached to its use. In are common both with d.c. and with a.c. 
order to strike an a.c. arc, 60 to 100 electrodes. In the latter case, additional 
volts is needed, depending upon the elec- voltage fluctuations are introduced by the 
trode used. Because of the necessity for extinction of the arc each time the electric 
frequent restarting, the a.c. arc is in- current reverses. 

herently less stable than the d.c. arc. If Welding Arc Stability .—'The stability 
satisfactory operation is to be secured, of the welding arc, that is, its ability to 
factors favorable to arc stability, such as reignite after short circuit or open circuit 
covered electrodes, heavy current, high- and after each reversal of alternating 
frequency ignition superimposed on the current, is determined by the reignition 
power frequency, and special constituents characteristics of the arc and by the re¬ 
in the arc coating which tend to produce covery voltage characteristics of the sup- 
greater residual ionization, must be ply circuit. Since the thermal time con- 
present. stant of the arc is short (of the order of 



Fig. 4.—Recovery Strength of Short A.C. Area 
(300 amp., 60-cycle, flat brass electrodes) 


The high-current welding arc is sub¬ 
ject to extremely rapid fluctuations of 
voltage and current caused by severe con¬ 
vection currents in the arc atmosphere, 
by transfer of metal globules, and by 
agitation of the molten metal electrode 
and work materials. All of these factors 
produce rapid variations in arc length. 
The transit of large metal drops across 
the arc introduces additional resistance (in 
the hot metal) and varies the arc length 


a millisecond), deionization occurs quickly 
after the arc is extinguished. Voltages 
much larger than the steady-state burning 
voltage of the arc are required to produce 
reignition after arc extinction (Fig. 4) 
The dielectric strength of the electrode 
drop region builds up very rapidly (with 
non-thermionic electrodes) within 50 mi¬ 
croseconds after arc extinction. The re- 
lgnition voltage must be exceeded by the 
recovery voltage supplied by the external 
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circuit, if restriking of the arc is to occur. 
The low work function and low ionization 
potential of the coating material often 
provide considerable lowering of the re¬ 
ignition voltage and permit the use of 
supply circuits with lower open-circuit 
voltage characteristics. Thermionic elec¬ 
trodes such as carbon and tungsten have 
low reignition potentials because of their 
high operating temperatures and slow 
cooling after arc extinction. Superposi¬ 
tion of high-frequency voltages, supplying 
perhaps up to 100 watts at 10 5 to 10 8 
cycles, may increase the stability of a.c. 
welding arcs. This may be done by plac¬ 
ing an auxiliary high-frequency trans¬ 
former in series with the arc and by 
placing a by-pass condenser across the 
secondary of the welding transformer. 
The recovery voltage characteristics in 
the external circuit may be improved by 
means of higher open-circuit voltages, by 
means of severe inductances or by means 
of capacitances or other circuit elements 
designed to produce fast recovery volt¬ 
age characteristics. Alternating-current 
welding arcs commonly require higher 
open-circuit voltages for stable operation 
than do d.c. arcs. 

Rectification effects, such as are ob¬ 
served in the arc welding of aluminum 
in inert atmospheres with tungsten elec¬ 
trodes and a.c., are often caused by dif¬ 
ferences in recovery voltage characteris¬ 
tics between arcs with thermionic (tungs¬ 
ten) and non-thermionic (aluminum) 
cathodes. These may be controlled by 
proper balance between reignition voltage 
characteristics of the arc and recovery 
voltage characteristics of the external 
circuit, which may need to be biased for 
one-half of each cycle, as with series 
storage batteries. 

Other Factors Influencing Welding 
Arcs .—The magnetic field of the welding 
current, particularly important during 
welding of ferromagnetic materials, may 
react with the current to produce a force 
upon the arc column, or arc blow, tending 
to move and lengthen the arc. This 
effect is essentially absent with a.c. arcs, 
and is most pronounced with d.c. arcs 
near the end of a plate where the current 
flows to the arc from only one side. 

The rate of electrode burn-off in the 
welding arc appears in many cases to be 
almost linearly proportional to the arc 
current, and is not greatly influenced by 


the arc voltage. Polarity has a large 
influence; with certain metals and atmos¬ 
pheres, the electrode burn-off rate with 
straight polarity (electrode negative) may 
be twice as large as the burn-off rate 
with reverse polarity. The type of elec¬ 
trode and coating also have a significant 
influence. Burn-off characteristics in¬ 
fluence the arc length and metal transfer, 
and are influential in determining arc sta¬ 
bility and characteristics. 

Metal transfer phenomena in the weld¬ 
ing arc are difficult to measure or evalu¬ 
ate. Metal transfer from some electrodes, 
such as the common E6010 electrode, 
occurs in large molten drops or globules. 
In flat position welding, these molten 
drops pour out of the electrode into the 
molten pool in the work, often shorting 
the entire arc gap. The short-circuit 
current flowing through the metal globules 
heats them rapidly by ohmic losses, and 
the last conducting filament usually ex¬ 
plodes violently and restrikes the arc. 
Magnetic forces apparently contribute to 
the expulsion of electrode material, and 
overhead welding is entirely feasible. On 
the other hand, electrodes such as the 
E6020 type provide spray-type metal trans¬ 
fer, with no shorting of the arc by large 
drops. A detailed study of the physics 
of metal transfer is beyond the scope of 
this chapter. However, it is evident that 
metal transfer characteristics have a large 
influence upon welding arc characteristics. 

In addition to providing protective at¬ 
mospheres. thermal shielding and stabiliz¬ 
ing constituents to the welding arc, elec¬ 
trode coverings often supply fluxes and 
slag-producing constituents. The latter 
greatly influence the quality of the weld 
metal by providing thermal insulation, by 
preventing undesirable oxidation, by main¬ 
taining fluidity until inclusions and gases 
may escape to the surface of the bead, or 
by supplying alloying constituents to the 
weld metal. Large quantities of gases, 
such as hydrogen, may be dissolved in 
the molten steel. With some alloys dis¬ 
solved hydrogen may contribute to under¬ 
bead cracking unless the weld is made 
in an atmosphere which has only a small 
quantity of this gas present, and weld 
cooling occurs under properly controlled 
conditions. Consequently it may be neces¬ 
sary to use arc atmospheres modified from 
those providing maximum arc stability or 
ideal heat-transfer properties. 



PHYSICS OF WELDING 


61 


Electrical Resistance 

The electrical resistance method for 
the generation of heat has been discussed 
previously in this chapter in the example 
illustrating the application of the concept 
of thermal time constant to spot welding. 
As mentioned there, the resistances are 
body resistances and resistances at the 
various contacting surfaces. Body re¬ 
sistance is proportional to the resistivity 
of the material and the length of the 
current path, and inversely proportional 
to the area of the current path. Contact 
resistance is very much affected by surface 
conditions; that is, by cleanliness and free¬ 
dom from oxides or other chemical com¬ 
pounds, and by the roughness or smooth¬ 
ness of the surface. It also is a direct 
function of the resistivities of the mate¬ 
rials in contact, and inversely proportional 
to the pressure. With given materials, of 
uniform surface condition, pressure be¬ 
comes the major factor in the determina¬ 
tion of contact resistance. The natural 
oxides, such as mill scale on steel, are of 
such non-uniform quality as to render 
uncertain the control of energy in resist¬ 
ance welding. It is therefore preferable 
to remove these oxides by pickling or to 
prevent their formation by cold rolling 
and controlled atmosphere annealing. It 
is evident that for materials of high re¬ 
sistivity, and for the heavier gages of 
material, the body resistance is of major 
importance and the contact resistance of 
relatively less importance. For high-con¬ 
ductivity materials, on the other hand, 
contact resistance is of the utmost im¬ 
portance. This results in the use of as 
light pressures as possible, which tends 
to permit cracking of welds in thin sheet, 
and porosity in welds made in heavier 
gage material. Differences in resistivity 
are reflected in rather widely different 
currents required to make the same size 
weld in various materials. In general the 
magnitudes of the resistances involved 
are small, of the order of less than 0.0001 
ohm..^ Hence the currents are large, run¬ 
ning into the thousands and tens of thou¬ 
sands of amperes. It is most convenient 
to supply such currents from alternating 
current systems, making use of trans¬ 
formers for stepping up the current. 

It appears in the case of steel that con¬ 
tact resistance largely disappears during 
the first half-cycle of the flow of current. 


It might seem, therefore, that contact re¬ 
sistance would be of little importance. 
However, the greatly increased generation 
of heat during the first cycle, made pos¬ 
sible by contact resistance, causes a signifi¬ 
cant increase in body resistance which 
rises with temperature. This boost in body 
resistance makes the remainder of the 
current more effective. The importance 
of contact resistance in materials of me¬ 
dium resistivity, such as steel, is borne 
out by the fact that higher pressures, 
which reduce contact resistance, necessi¬ 
tate higher welding currents. 

Combustion of Gases 

Of all the gases which are available for 
combustion with oxygen, the burning of 
acetylene in oxygen results in the highest 
flame temperature. Another combination 
which results in a high temperature is 
the burning of hydrogen in oxygen. This 
flame has long been used for the welding 
of low melting point metals, such as 
aluminum. The temperature of the oxy- 
acetylene flame is generally credited with 
being about 3200 C C., which is ample for 
the welding of steel. The burning of 
acetylene in oxygen at the orifice of a 
torch takes place in two steps. The first 
of these is the burning of carbon to 
carbon monoxide, the hydrogen remaining 
unconsumed. This takes place in a small 
bluish-white cone close to the torch in 
which the gases are mixed. It is this 
part of the reaction which gives rise to 
the heat which is most effective for weld¬ 
ing. The burning of the carbon monoxide 
to caibon dioxide and of the hydrogen 
to water vapor takes place in a large blue 
flame which surrounds the welding opera¬ 
tion but contributes only a preheating 
effect to the welding operation. The 
equations representing these two steps of 
combustion are as follows: 

C 2 H 2 -f 0 2 -> 2CO + Hj 

2CO + Hj -f IVjO*-■» C0 2 + H 2 0 

The first reaction above generates heat 
by the breaking up of acetylene as well 
as by the formation of carbon monoxide. 
The dissociation of each gram molecular 
weight of acetylene liberates 54.3 kg. cal. 
at 15°C. (254 Btu. per cu. ft. of acetylene 
at 68 F. and 14.7 psi.). The combustion 
of the carbon to form two moles of carbon 
monoxide liberates 52.9 kg. cal.* (247 
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Btu. per cu. ft. of acetylene). The total 
heat supplied by the first reaction is there¬ 
fore 107.2 kg. cal.is (501 Btu. per cu. ft.). 

The second reaction liberates 68.4 kg. 
cal.io (320 Btu. per c. ft.) by the burning 
of the hydrogen to water vapor. The 
combustion of each of the two moles 
of carbon monoxide provides 68.0 kg. 
cal.is (318 Btu. per cu. ft.), or an addi¬ 
tional 136.0 kg. cal.is (636 Btu. per cu. ft.) 
for the reaction. The total heat supplied 
by the second reaction is therefore 204.4 
kg. cal.is (956 Btu. per cu. ft.). 

Adding the heat supplied by the two 
reactions gives the total heat of combus¬ 
tion for each mole of acetylene, which is 
311.6 kg. cal. The above energy is equiva¬ 
lent to 1456 Btu. per cubic foot. The con¬ 
centrated heat liberated by the first reac¬ 
tion in the small inner cone of the flame is 
34.4% of the total heat, or 501 Btu. per 
cubic foot. The remainder of the heat is 
developed in the large brush-like outer 
envelope of the flame, and is effective for 
preheating. It is this heat which makes 
the great difference in cooling rate be¬ 
tween oxy-acetylene and electric arc weld¬ 
ing, which is one of the most characteris¬ 
tic differences between these processes. It 
is seen from the above reaction equations 
that one volume of oxygen is used in the 
first step of the combustion to burn one 
volume of acetylene. This oxygen must 
be supplied in the pure state. The one and 
one-half volumes of oxygen required in 
the second step are picked up from the 
atmosphere. When just sufficient oxygen 
is supplied to burn the carbon to carbon 
monoxide, as indicated in the first step 
above, the resulting flame is said to be 
neutral. If less than enough oxygen is 
supplied to complete the combustion of the 
carbon, the flame is said to be reducing or 
an excess acetylene flame. This flame 
has certain uses in welding, and is dis¬ 
cussed in Chapter 5. With more than 
enough oxygen for the first reaction 
above, the flame is oxidizing, which is 
detrimental for most welding. 

The burning of hydrogen is a simple 
reaction with oxygen to form water vapor. 
The total heat of this reaction was given 
above as 68.4 kg. cal.is per mole. This 
corresponds to 320 Btu. per cubic foot. 
If sufficient pure oxygen were supplied 
to completely burn all of the hydrogen, the 
flame temperature would be approximately 
2900 C. However, this would not pro¬ 


vide a protective outer envelope of reduc¬ 
ing atmosphere, and consequently would 
be impractical. If only enough pure oxy¬ 
gen to burn half of the hydrogen is pro¬ 
vided, the concentrated heat would be 34.2 
kg. cal. per mole, or 160 Btu. per cubic 
foot. In this latter case the flame tem¬ 
perature would drop to a little over 
2500 °C. Comparing this temperature 
with 3200 °C. for the acetylene flame, it 
is seen that with an oxy-hydrogen flame 
the temperature difference above the melt¬ 
ing point of steel is only about 1000°C. 
in contrast to about 1700°C. for the oxy- 
acetylene flame. The oxy-hydrogen proc¬ 
ess is obviously much slower for the 
welding of steel. It may be noted that 
by adjusting the amount of oxygen sup¬ 
plied, the relative proportions of concen¬ 
trated heat and outer flame preheat may 
be varied. A similar control of the acety¬ 
lene flame is not available, since any 
attempt to reduce the relative amount of 
the outer envelope heat results in an 
oxidizing flame, and a change in the other 
direction results in a carburizing flame. 

Replacement of Metal in Compound— 

Thermit Welding 

The molecular heat of formation of 
alumina is 399.0 kg. cal., a value greatly 
in excess of that of any other element. 
The heat of formation of iron oxide, 
FesCh, is 265.2 kg. cal. When metallic 
aluminum in the form of powder is mixed 
with powdered iron oxide, the reaction 
may be started by the burning of magne¬ 
sium powder. The iron oxide is reduced 
at the expense of the aluminum, and the 
heat generated is sufficient to raise the 
temperature of the whole to about 3000°C., 
or about twice the melting point of steel. 
The reaction is 

8A1 -j- 3Fe,0 4 -► 9Fe -f 4Al 2 O a 

+ 800.4 kg. cal. 

The excess heat in the steel forms a 
convenient method of welding heavy sec¬ 
tions of iron or steel, and this is known 
as the thermit welding process. The 
fundamental advantage of this process is 
that the single contraction and slow cool¬ 
ing of the entire mass of weld metal in 
heavy sections result in a minimum of 
residual stress. When the section to be 
welded is restrained from contracting by 
the remainder of the structure, the single 
contraction may be compensated for by 
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prior elastic deformation or thermal ex¬ 
pansion of other portions of the structure, 
applied in such a way as to open the 
joint before welding. 

Recombination of Molecules—Atomic 

Hydrogen Welding 

The recombination of single atoms to 
form diatomic gas molecules results in 
the liberation of heat which is of im¬ 
portance in welding. Atomic hydrogen 
liberates 50.4 kg. cal. per mole (236 Btu. 
per cu. ft.) in recombining to the stable 
molecular state. An additional 68.4 kg. 
cal. per mole (320 Btu. per cu. ft.) is 
generated by burning in the air sur¬ 
rounding the weld of the molecular hy¬ 
drogen to water vapor. This combustion 
effectively shields the molten weld metal 
from oxidation and the formation of 
nitrides. It also provides some preheat 
to the plate, and helps to retard cooling. 

The dissociation of the gas may be 
brought about by passing it through an 
electric arc. When a plate of steel is 
placed in the path of the atomic hydro¬ 
gen issuing from the arc, it serves to chill 
the gas sufficiently to favor immediate 
recombination at the surface. The heat 
is therefore delivered exactly where it 
is needed and the gas serves effectively 
to transfer energy from the arc to the 
surface. 

Mechanical Methods 

Mechanical methods for the generation 
of heat, like many chemical methods, have 
not found practical application in welding 
processes. This has been either because 
the generation of heat was insufficient in 
magnitude or in concentration. Friction 
and impact may under certain rare cir¬ 
cumstances produce sufficient heat to make 
a weld. A steel tube may be revolved at 
high speed against a friction plate, until 
its temperature is above the critical and 
the metal is in a plastic condition. In this 
condition the end of the tube may be spun 
around and closed. However, the quality 
of the closure is under suspicion because 
of the possibility that oxide has been 
trapped in the joint. 

The principal points with regard to 
any methods used for the development 
of welding heat are the intensity or con¬ 
centration of the heat and the ability of 
the preparation or process to provide 
properly cleaned surfaces. 


DISSIPATION OF HEAT 

The dissipation of heat from the place 
at which it is generated is one of the 
factors controlling temperatures during 
the formation of a weld. Furthermore, 
after the generation of heat ceases, the 
manner in which cooling takes place has 
a profound influence on the properties of 
the weld and the adjacent metal. Heat 
tends to go to a region of lower tempera¬ 
ture and of itself will only go along paths 
of decreasing temperature. The modes 
of heat transfer are commonly classified 
as conduction, convection and radiation. 

Conduction 

Problems involving the conduction of 
heat are divided into two general classes, 
constant and variable heat flow. In the 
former the heat flow is constant and the 
temperatures throughout the material are 
independent of time. In variable heat 
flow, the heat flow and the temperatures 
in the material change with time. Prac¬ 
tically all welding conduction problems 
are of the variable heat flow type. Mathe¬ 
matical expressions for the two classes 
of heat flow by conduction are given by 
Glazebrook, Schack, Bruce and McAdams. 

Properties of Material Governing Pleat 
Flow .—The Fourier equations for heat 
flow in one direction are sufficient for a 
consideration of the properties of a mate¬ 
rial which govern the flow of heat. The 
equations are, for constant heat flow 

«=-^i r < 3 > 

and for variable heat flow 

6T = K b 2 T 
bt Cp bx 1 

The significance of these symbols is shown 
in Table 3. 

In the steady state or constant heat flow 
the only property of a material governing 
heat flow is thermal conductivity (equa¬ 
tion 3). In variable heat flow, the in¬ 
stantaneous heat flow for a given point 
and temperature gradient is also governed 
solely by thermal conductivity. However, 
the temperature gradient changes with 
respect to both time and position, and 
hence other factors enter. The change in 
temperature with time is given by equa- 
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Symbol 


<7 

A 


x 

T 

t 

K 


C 

P 


Table 3— Legend o£ Equation Symbols 


Description 


Commonly Used Units 


Quantity of heat flowing through the area A 
per unit time 

Cross-sectional area through which the heat 
flows 

Distance in direction of heat flow 

Temperature 

Time 

Thermal conductivity 


Specific heat 

Density, the mass per unit volume 


Watts, cal./sec., Btu./hr. 

Cm.*, ft.* 

Cm., in. 

°F., °C. 

Sec., hr. 

Watts per cm.* per °C. per 
cm.; cal. per sec. per cm.* 
per °C. per cm.; Btu. per 
hr. per ft . 2 per °F. per in. 

Cal./gm.; Btu./lb. 

Gin./cm.*; lb./ft.* 


tion 4. Examination of this equation 
shows that a high thermal conductivity 
and low specific heat and density make 
for rapid heat flow. The term K/Cp is 
called the thermal diffusivity of a mate¬ 
rial. 

Temperature Factors Governing Flow 
of Heat .—A temperature difference be¬ 
tween positions in any material is a pre¬ 
requisite for heat flow, the amount of 
flow being related directly to it. The 
values of the properties of a material 
governing heat flow are dependent upon 
temperature. 

The thermal conductivities of iron and 
low-alloy steels decrease with increase in 
temperature. The thermal conductivity 
of a high-alloy steel increases with in¬ 
crease in temperature. Thermal treat¬ 
ment may also affect thermal conductivity. 
Alloys of the same composition heat 
treated differently will have, in general, 
different thermal conductivities. 

The specific heat of alpha iron increases 
with temperature up to the magnetic 
transformation. Between this and the 
gamma iron transformation a decrease 
with increase in temperature takes place. 
Above the gamma iron transformation the 
specific heat again increases with tem¬ 
perature, the increase being much less 
than that for alpha iron except at the 
transformation point. The density of iron 
decreases with increase in temperature. 

Several studies have been made of 
the effects of cooling rates of welds. Re¬ 
ports of these studies are listed in the 
bibliography at the end of this chapter. 
In a study of the effects of the cooling 
rate on the properties of arc-welded joints 
in carbon-molybdenum steel plates, the 
cooling curves for actual welds were 
superimposed on the S-curves for the 
particular steel to obtain an indication 
of the suitability of the welding conditions 


with respect to the effect on the metal in 
the heat-affected zone. The type of 
structure and the approximated hardness 
to be expected can also be obtained by 
this method. 

Heat Flow Problems .—Rectangular 
parallelepipeds and cylinders are the 
shapes most frequently met with in prob¬ 
lems involving constant heat flow. The 
equations for the two shapes are: 

Rectangular parallelepiped 

7 = KA$Z (5) 


Cylinder or cylindrical shell 

q = 2.73 KLAT 


logjo ( b/a ) 


where 



Q — Heat flow per unit time (ra¬ 
dially) 

&X = Thickness 

AT = Temperature difference 

L — Length of cylinder, in the same 

system of units as K is ex¬ 
pressed 

a = Inner diameter 
b = Outer diameter 


The solution of problems involving vari¬ 
able heat flow are more difficult than for 
constant heat flow. The general equation 
for variable heat flow in three dimensions 
is 


ST _ K ( b 2 T b'T b 2 T\ 
bt Cp\ bx 2 ■** by 2 + hz 2 ) { ' 

where x, y and z = distances along axes 
of a rectangular coordinate system. 

The heating or cooling of a body by 
exterior means involves an additional term 
for the transfer of heat between its sur¬ 
roundings and the surface of the body. 
Gumey-Lurie charts are available by 
which solutions for this type of problem 
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may be obtained. With such factors as 
thermal conductivity, specific heat, den¬ 
sity and surface heat transfer coefficient 
known, the time of heating, the time re¬ 
quired for a given point in the body to 
reach a given temperature and other 
quantities may be calculated for slabs, 
cylinders, spheres and semi-infinite solids. 


Table 4—The Thermal Conductivity, Specific 
Heat and Density of Iron at Various 

Temperatures 

Tempera¬ 

ture, 

°C. 

Thermal 

Conduc¬ 

tivity, 

Cal./- 

Cm.VCni,/- 

Sec./°C. 

Specific 

Heat, 

Cal./Gm 

Density, 

Gm./Cm. s 


Alpha 

Iron 


0 

0.173° 

0.104 

7.87 

200 

0.145 

0.128 

7.82 

400 

0.117 

0.151 

7.74 

600 

0.091° 

0.188 

7.67 

800 

• • • 

0 210 

• • • 


Gamma 

. Iron 


1000 

• • • 

0.162 


1200 

• • • 

0 165 

• • • 

1400 

• • • 

0.169 

7.42 

A F a _ 1 


a Extrapolated. 


In welding, the temperature at a given 
point and the time or the rate of tempera¬ 
ture change with time are of greatest in¬ 
terest and in the reports of many investi¬ 
gation equations will he found for cal¬ 
culating the temperature of a weld for 
various welding conditions. These equa¬ 
tions permit the calculation of the tem¬ 
perature at any point at any time after 
the arc is broken. An equation has also 
been established for determining the tem¬ 
perature at a point in the neighborhood 
of a single bead deposit on the surface 
of a very large, thick plate. This equa¬ 


tion has been further developed for the 
case of an intermediate plate which is 
too thick to be welded by a single bead 
but too thin to be considered as an in¬ 
finite plate. 

An electrical analogy method of es¬ 
tablishing cooling curves of welds has 
been developed whereby the actual heat- 
flow problem is simulated electrically. 
Calculations may be made to convert the 
measured electric units into the desired 
heat units. 

Thermal Conducthnty, Specific Heat 
and Density Variations unth Temperature. 
— I able 4 gives the thermal conductivity, 
specific heat and density of iron. Table 
5 gives the thermal conductivities of some 

of the commonly used metals encountered 
in welding. 

Convection 

Circumstances Favorable to Convection. 
—Convection is the term applied when 
heat is transferred by the movement, as 
a whole, of the substances being heated or 
cooled and may be natural, as rising air 
adjacent to a heated wall, or forced, as 
mechanically blowing air over the wall. 
It is practically impossible to separate 
heat flow by conduction and convection 
when heat flows from a surface to an 
adjacent medium. Langmuir developed 
the film theory for heat transfer of this 
type. He assumed that near the surface 
laminar flow would be present and that 
the^ temperature gradient through this 
region would be almost linear. Beyond 
this region the flow would be turbulent 
and the temperature would be that of 
the main part of the medium. Kennard 
conducted experiments which showed that 


Table 5 Thermal Conductivities of Some Commonly Used Metals 


Material 


Basic open-hearth iron 
how-carbon steel 
Medium-carbon steel 
High-carbon steel 
1S-8 stainless steel 
Chromium steel 
High-chromium steel 
Copper 

High-niclcel copper 
Nickel bronze 
Nickel-aluminum bronze 
'luminuin bronze 
Aluminum 

Aluminum-copper-silicon 


100 °c. 


0 159 
0. 195 
0.180 
0.162 
0.037 
0.000 
0.050 
0.923° 
0.066 
0.087 
0.082 
0.144 
0.52" 

0 4526 


Thermal Conductivity, Cal./Cm.VCm./Sec /°C 
200°C. 300° C. 400~C 


0. 145 
0. 165 
0 154 
0.132 
0 011 
0.062 
0.052 


0.460 


0.131 
0.140 
0 125 
0.109 
0 045 
0 064 
0.055 


0.117 
0.123 
0.105 
0 085 
0.048 
0.066 
0.057 

0! 087 
0.120 
0.126 
0.197 


500°C. 


0 

0 

0 

0 

0 

0 


Value for room temperature. 6 Value for 25°C. 


104 

109 

091 

075 

052 

058 
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the temperature of the medium decreases 
at first almost linearly with distance but 
as the distance increases the temperature 
asymptotically approaches the tempera¬ 
ture of the main body. The temperature 
difference between the surface and the 
medium and the velocity with which the 
medium passes over the surface are factors 
regulating this type of heat flow. The 
greater either of these factors is, the 
greater will be the heat flow. 

In heat transfer by natural convection 
the position of the hot surface with regard 
to the establishment of convection currents 
is important. A horizontal surface with 
heat loss downward will not lose as much 
heat by convection as if the heat flow 
were upward from the surface. 

Heat Dissipation Equation .—There is 
no general equation for heat transfer by 
convection. A number of equations have 
been formulated but each is applicable 
only for special conditions. In the case 
of heat transfer by natural convection it 
has been shown by a number of investi¬ 
gators that the heat lost is proportional 
to the 5/4 power of the temperature dif¬ 
ference between the surface and the me¬ 
dium thus 

Q = B(AT)*'* ( 8 ) 

where 

q = Quantity of heat flow per unit 
area per unit time 
AT = Temperature difference 
B Constant, depending on existing 
conditions 


The fundamental law for heat loss by 
total perpendicular radiations is the result 
of both experimental and theoretical work. 
This, law known as the Stefan-Boltzmann 
law is 


q = CA(Ti — 7Y) ' (9) 

where 

q = Cal./sec. 

A = Area cm. 2 

Ti = Temperature (°C. abs.) of the ra¬ 
diating surface. (Kelvin Scale) 
T 2 = Temperature (°C. abs.) of the ir¬ 
radiated surface 

C = Constant = 1.37 X 10‘ 12 cal./- 
cm.7sec./°C. abs. 

In practice most surfaces do not radiate 
like a black body, hence their emissivity 
is less than unity. By use of Kirchhoff’s 
radiation law and the Stefan-Boltzmann 
equation the total perpendicular radia¬ 
tion loss from a non-black body is 

q = CAeiTS - TV) (10) 
where e = emissivity. 

If the heat flow takes place between two 
parallel surfaces the emissivity of equa¬ 
tion 10 is 


where 


6 


e l + <2 — « 1«2 



ci — emissivity of one surface 
«2 = emissivity of the other surface 


For forced convection it has been found 
that the heat loss by convection is propor¬ 
tional to y/ V for small wire and to V 
for large bodies, V being the velocity of 
the medium. 

Radiation 

Laws Governing the Radiation of Heat. 
—In heat transfer by radiation the terms 
black body and emissivity are frequently 
used. A black body is one which absorbs 
and emits all radiation of all wave lengths 
falling upon it as a result of temperature 
and reflects none. Emissivity is the ratio 
of the radiant energy emitted per unit time 
and area by a body to that emitted by a 
black body at the same temperature. The 
emissivity used in heat transfer is called 
total emissivity distinguishing it from 
spectral emissivity used in dealing with 
monochromatic radiation. 


The heat loss by total perpendicular 
radiation as given by equation 10 is of 
interest in most practical cases. By use 
of Lambert’s radiation law and equation 
10 the radiation loss in any given direc¬ 
tion is 



CAt(T x * - TV) 

-COS <t> 

7r 


( 12 ) 


where q d = radiation loss in the direction 
making an angle <p with the normal to 
the radiating surface. 

Equation 12 does not hold for polished 
metal surfaces as these generally show 
greater radiation in an oblique direction 
than perpendicular to the surface. 

Surface Conditions and Coefficients .— 
The emissivity of a body results in part 
from surface conditions. In general for 
a given metal the more highly polished 
the surface is the lower will be its emis- 
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sivity. The total emissivities of some 
metals are given in Table 6. 


Table 6—Total Emissivity of Some 

Metals 3 


Surface 

Tem¬ 

pera¬ 

ture, 

T ot al 
Emissi¬ 

Metal 

Condition 

°C. 

vity 

Iron 

Unoxidized 

100 

0.05 


Oxidized 

100 

0.74 


Oxidized 

500 

0.84 


Oxidized 

1200 

0.89 


Rusted 

25 

0.65 

Steel 

Unoxidized 

100 

0.08 


Oxidized 

25 

0.80 


Oxidized 

200 

0.79 


Oxidized 

COO 

0.79 

55Fe-20Ni- 

Oxidized 

200 

0.90 

250 

Oxidized 

500 

0.97 

Copper 

Unoxidized 

100 

0.02 


Oxidized 

200 

0.6 

Monel 

Oxidized 

200 

0.43 


Oxidized 

600 

0.43 

Aluminum 

Unoxidized 

25 

0.022 


Unoxidized 

100 

0.028 


U noxidized 

500 

0 060 


Oxidized 

200 

0 11 


Oxidized 

600 

0.19 


a Values given for oxidized surfaces are uncer¬ 
tain by 10 to 30%. 


Relative Importance of Conduction, 

Convection and Radiation 

In the dissipation of heat from a com¬ 
pleted weld, the thermal conductivity, or 
better the thermal diffusivity, which is 
equal to the thermal conductivity divided 
by the product of the specific heat and 
density, is the factor besides temperature 
gradient governing the flow of heat in 
the metal to the surface. Convection and 
radiation are the means of transferring 
the heat from the surface to the surround¬ 
ing medium. The greater the temperature 
difference between the weld and the me¬ 
dium, the greater will be these heat losses 
per unit time provided sufficient heat 
from within the weld reaches the surface 
in the same time. 

For very calm air the heat loss by 
radiation is greater than by convection for 
all temperatures of the weld. When air 
is blowing over the weld with a velocity 
of 10 meters per second the heat losses by 
radiation and convection are about equal 
at approximately 500 °C. At higher tem¬ 
peratures the heat loss by radiation is 
greater and the difference in heat loss by 
radiation and convection increases rapidly 
with temperature. Below approximately 
500°C. the heat loss by convection is 
greater. The curves show in this case 
that at 100°C. the heat loss by convection 


is about five times that lost by radiation. 

Thin Sections .—In a thin section the 
thickness of metal through which the 
heat is conveyed to the surface is small 
and hence the resistance to heat flow 
to the surface is small. The ratio of 
surface area through which heat is lost to 
the volume of metal present is relatively 
large. The heat loss from this type of 
welded section is governed principally by 
the factors influencing loss by convection 
and radiation. 

Heavy Sections .—Heat from within a 
heavy section has to go farther to reach 
the surface than does the heat from within 
a light section. The rate at which it 
reaches the surface depends upon the 
thermal diffusivity of the metal and the 
temperature gradient between the surface 
and the interior of the metal. The rate 
of heat dissipation from this type of 
welded section depends not only upon con¬ 
vection and radiation but also upon the 
thermal properties of the metal. Protec¬ 
tion may or may not be required during 
the cooling of such a weld, depending 
upon its metallurgical characteristics. 

In almost all types of welding the most 
important factor governing the dissipation 
of heat from the weld area is conduction. 
This is due to the steep thermal gradients 
adjacent to the weld which result from 
the localized application of heat. This is 
very different from the case of an entire 
metallic body heated to a uniform high 
temperature. The effect of rapid cooling 
by conduction is accentuated in the case 
of heavy plates welded with small elec¬ 
trodes, due to the relatively large path 
through which heat may escape from the 
weld area and the large heat reservoir 
provided by the heavy plate. 

Thermal Conductivity .—The thermal 
conductivity or better the thermal dif¬ 
fusivity of the metal in a weld is a factor 
along with temperature gradient and the 
geometry of the metal, which determines 
the rate of heat flow from the interior of 
the metal to the surface. Metals with the 
higher thermal conductivities generally 
have higher diffusivities. The thermal 
conductivities of iron, aluminum and cop¬ 
per are, respectively, 0.19, 0.52 and 0.92 
and in the same order thermal diffusivities 
are 0.22, 0.85 and 1.12, both properties 
being expressed in cgs. units. With the 
same conditions of temperature gradient, 
geometry and ability to lose heat to the 
surrounding medium, the metal with the 
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higher thermal diffusivity will dissipate 
heat from a weld at a greater rate than 
a metal with a lower thermal diffusivity. 

Reversible Heat 

During the heating of a metal to its 
fusion temperature, some of the heat is 
dissipated as described above. Additional 
heat must also be supplied to bring about 
transformation and actual fusion. This 
is known as reversible heat, since it is 
not lost during the heating operation, but 
only changed to another form, from which 
it will be restored upon subsequent cooling. 


formation at the A\ point in a eutectoid 
steel for which one suggested value is 
15.9 calories per gram. Considering this 
value and the heat of fusion, approxi¬ 
mately 25% of the heat required in melt¬ 
ing steel for welding is in the form of 
reversible heat. 

MECHANICAL PROBLEMS 

Expansion and Contraction 

The most common and widely known 
effect of temperature upon metals is ex- 



Temperature °F. 


Fig. 5. Thermal Elongation and Elastic Limit Curves as a 
Function of Temperature for Plain Low-Carbon Steel. 

SAE 1020 

One gram of iron at 25 °C. requires ap- pansion on heating and contraction on 

proximately 316 calories for melting. Ap- cooling in all three directions : length, 

proximately 70 calories of this required width and thickness. As an example, 

heat are in the form of reversible heat, that Curve A, Fig. 5, represents the increase 

is, heats of transformation and fusion. of length, in percent of initial length, of 

Thus in melting iron for welding about a mild steel, grade SAE 1020, when heated 

22% of the heat required is in the form above the room temperature. The in- 

of reversible heat. The heat of trans- crease is nearly linear and amounts to 

formation at the A a point is 3.63 calories almost 1% at 1200°F. 

per gram and at the Aa point 1.7 calories Since welding is a local operation, the 
per gram. The heat of fusion is given extent to which the metal will be heated 

as ^. r ? un< ^ fi& ure of 65 calories per gram. and thereafter cooled will be very limited. 

Similar data for steel are not available Consequently there will be little possibility 

excepting values for the heat of trans- of free expansion and contraction. Be- 
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cause of this a state of constraint zvill be 
originated in weldments , and this con¬ 
straint is expressed most conveniently in 
terms of stresses. There is no external 
load applied to the object and these 
stresses may or may not disappear when 
room temperature is restored. Stresses 
produced during local heating will be re¬ 
ferred to as thermal stresses. 

The stresses which develop in a weld 
and welded structure are of two types: 


1. Residual stresses which are the 
result of shrinkage of metal on cool¬ 
ing, metallurgical changes or plastic 
deformation at elevated temperatures 
of adjacent sections of the weld and 
base metal. They occur in all three 
dimensions with both free and re¬ 
strained base metal and may be re¬ 
garded as being due to the restraint 
of the movement of one part of the 
base metal or weld by other parts. 

2. Reaction stresses which are the 
stresses within the assembly under con¬ 
sideration due to the stresses between 
that assembly and the rest of the 
structure. For example, a tensile stress 
will develop across a welded butt joint 
during cooling if the normal thermal 
expansion and contraction are prevented 
by external transverse restraint. 


Factors Favoring the Production of 

Residual Stresses 

As stated previously, residual stresses 
may or may not occur when the heated 
part has been brought back to its initial 
temperature. Thus, heat input alone is 
not sufficient to promote their existence. 
In fact, residual stresses may be created 
without any heating at all being involved 
in the process. For example, residual 
stresses may readily result from any 
machining or forming operation. 

It has become common knowledge that 
rolling sets up important residual stresses 
in large I-beams. It has also been 
pointed out repeatedly that cold working 
is responsible for creation of residual 
stresses in deep drawn brass tubes. Fur¬ 
thermore, there is ample evidence that 
milling and grinding may leave the surface 
of the metal under considerable com¬ 
pressive stress. 


While it is not the purpose of this 
c ^ a pter to deal with processes other 
than welding, it may be said that, as a 
general rule, the occurrence of residual 
stresses is essentially connected with 
permanent set taking place during some- 

operation. 


With respect to the residual stresses set 
up by heating the following factors are 
essential: 

1. Thermal expansion. 

2. Non-uniform temperature distri¬ 
bution. 

3. Local, permanent (plastic) de¬ 
formation. 

All three conditions are necessary to 
promote residual stresses, because (1) 
no constraint, and consequently no resid¬ 
ual stress, is possible without thermal 
expansion. That is why quartz, whose 
thermal coefficient is practically zero, may 
undergo safely any drastic change in 
temperature despite its high brittleness; 
(2) if a body is heated and cooled uni¬ 
formly, there can be no reciprocal con¬ 
straint due to thermal expansion and con¬ 
sequently no residual stress; and (3) if 
the body suffers no permanent (plastic) 
strain during tlie whole thermal cycle, 
then the strain, being only elastic, must 
disappear when the initial temperature is 
restored. 

According to this principle, a material 
which remains entirely elastic, up to the 
breaking point, will never retain any resid¬ 
ual stress. It may eventually fail, if the 
heat input imposes upon it a stress which 
exceeds the ultimate strength. Under 
usual working conditions mild steel and 
most of the structural metals exhibit con¬ 
siderable plastic yield before breaking, and 
this is exemplified by the usual stress- 
strain diagrams of mild steel SAE 1020, 
in tension, Fig. 6. 



Strain 

Fig 6.—Stress-Strain Diagrams for Plain Low- 
Carbon Steel, SAE 1020, at Various Tempera- 

tures 


At room temperature the strain re¬ 
mains purely elastic only up to about 
0.1% elongation. When the stress ex¬ 
ceeds only slightly the elastic limit, the 
strain suddenly becomes plastic and, with 
little or no increase in stress, may in¬ 
crease to more than ten times its value 
just below the elastic limit. 
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A similar trend is exhibited at higher 
temperatures, as shown in Fig. 6, but 
the maximum elastic strain is not the 
same; at first it increases with tempera¬ 
ture up to 350° F., then it decreases 
rapidly. Above 900 °F. there is no longer 
a definite elastic limit because of creep 
phenomena, and it is doubtful whether 
there can be any elastic strain at all 
above 1200°F. If the values of the maxi¬ 
mum elastic strain are replotted curve B 
of Fig. 5 is obtained. It is seen that 
this curve intersects Curve A at the 
point K which corresponds to the tem¬ 
perature Tk ~ 340°F. Below this tem¬ 
perature the thermal expansion is smaller 
than the strain at the elastic limit; above 
this temperature it is greater than the 
elastic strain. 

The exact location of the temperature 
Tk is important for the occurrence of 
residual stress. For, as will be seen later, 
no residual stress can ever occur if the 
highest temperature during the thermal 
cycle lies below the temperature Tk. Nor 
can any possible change in shape or di¬ 
mension take place after the cooling is 
completed, provided the material was 
stress-free at the start. Unfortunately, 
not only is the temperature T K different 
for different materials, but there is good 
reason to believe that it may change with 
the state of stress imposed upon the object. 
Although more experimental work is 
needed to secure reliable information on 
this point, it may be assumed for the 
present that Curve B is valid when the 
specimen is submitted to compression in¬ 
stead of tension. Of course, the values 
will be negative instead of positive. 

With this in mind, it will be shown 
that, if all of the three previously men¬ 
tioned conditions are present, residual 
stress may occur due to heat input. 

For the sake of simplicity, let us con¬ 
sider the assembly represented in Fig. 7. 
It consists of a bar, A , inserted into a 
frame. We shall assume that the as¬ 
sembly is of mild steel SAE 1020. Upon 
heating, the bar A would expand accord¬ 
ing to the Curve A. Fig. 5, if removed 
from the frame, and this fulfills Condi¬ 
tion 1. Furthermore, if the bar A alone 
is heated while kept inserted in the frame, 
Condition 2 will be also fulfilled. 

Now, it will be assumed for the sake 
of simplicity that the frame is rigid 
enough to prevent any deformation of the 
bar. Thus, the thermal expansion, e,, will 


have to be cancelled by a mechanical com¬ 
pression, —€ m , resulting from the reaction 
of the frame. We may thus write 

et - e m = 0 (13) 

From the diagrams, Fig. 5, it follows that 
up to the temperature Tk the mechanical 
strain e m will be purely elastic. Therefore, 
if from Tk or any lower temperature, the 
bar is cooled back to room temperature, 
no residual strain will be left in the as¬ 
sembly. But above the temperature Tk. 
say at M, the thermal expansion e< 
AIN, is greater than the available maxi¬ 
mum elastic compression, — e e = N'M. 
Consequently, the bar A must undergo 
a plastic deformation, e p = NN\ of 
sufficient amount to cancel the thermal 
expansion e t . In other words, 

— e e — €p = 0 ( 14 ) 



Fig. 7.—Illustrations of How Thermal Elonga¬ 
tion, Non-Uniform Heating and Plastic 
Deformation Create Residual Stresses 

The existence of plastic flow e p fulfills 
the third condition, and it is easy to see 
that now bar A will retain some residual 
tension when cooled down to room tem¬ 
perature. For, if left free, the bar 
would become shorter by the amount NN', 
and to prevent the contraction the frame 
must submit the bar to a strain of oppo¬ 
site sign; i.e., to an elongation equal to 
NN'. If NN' is smaller than the elastic 
strain, OR, at room temperature, the resid¬ 
ual stress, Sr, will be equal to NN' X 
R, where R is the modulus of elasticity. 

If NN' is greater than the maximum 
elastic strain, OR, at room temperature, 
a part of the residual strain will become 
plastic and the residual stress will be 
practically equal to the elastic limit. 

Similar conditions prevail in welding. 
Any welding process involves definite 
expansion, non-uniform temperature dis- 




PHYSICS OF WELDING 


71 


tribution and local plastic flow. Two 
butt-welded plates exert upon the weld 
the same action as the frame upon bar A 
by preventing the weld from shrinking 
longitudinally. Hence, residual stress is 
almost unavoidable in welding. However, 
the reciprocal influence between the heat- 
affected and non-affected part of the weld¬ 
ment is not exactly that of a heated bar 
inserted into a rigid frame. First, this 
mutual influence is exerted not only in 
one direction but in all three directions. 
Furthermore, unlike the rigid assembly, 
the welded object as a whole may undergo 
some general residual distortion, and it 
is of interest to know how this last modi¬ 
fication would affect the residual stress. 

To make it clearer let it be assumed that 
the assembly in Fig. 7 is no longer rigid 
and that each of the two columns has 
the same cross-section as the bar A, equal 
to one square inch. Then the bar will 
be only partially restrained from contract¬ 
ing, and the amount of contraction which 
will actually occur will place the columns 
in compression. If the yokes, CC, are 
rigid, the contraction must be the same 
for the bar and columns. There must 
also be an equilibrium of stresses. 

From these two conditions the magni¬ 
tude of the stresses and the amount of 
plastic flow of the bar may be computed 

if the amount of general contraction is 
known. 

As an example let us assume that the 
amount of contraction which places the 
columns in compression is — 0.03%. Then 

each of the columns is submitted to a 
residual stress. 



X E - 


where R is the modulus of elasticity equal 
to 30,000,000 psi. Hence 


S c = 9000 psi. 

The total compression upon the columns 
will be found as a product of Sc and the 
cross-section of the column (2 sq. in.) = 
18,000 lb. This compression is balanced 
by an equal tension acting upon the bar. 

Hence the residual tension in the bar 
(cross-section = 1 sq. in.) r= -4-18,000 
psi., and the corresponding strain = 

18,000/30,000,000 = 4-0.06%. 

Because of the tension strain, the bar 
has been unable to contract more than 
0.03% assumed previously. 


Thus, the total contraction which would 
have occurred, if the bar had been able to 
shrink freely, is: 

0.03% + 0.06% = 0.09% 

This total contraction represents the 
plastic flow undergone by the bar during 
the heating cycle. 

The consideration of this simple case 
suggests that, if the amount of shrinkage 
undergone by the object during welding 
is known, it is possible to compute the 
amount of residual stress on the basis of 
the law of equilibrium of forces, and also 
to determine the amount of plastic flow 
involved in welding. Conversely, the 
knowledge of the amount and extent of 
plastic deformation in welded objects 
should permit the computation of the 
amount of shrinkage and residual stress 
on the basis of the law of continuin' of 
deformation and equilibrium of forces. 

Now consideration of Fig. 5 suggests 
that the amount of plastic deformation is 
dependent upon the maximum temperature 
reached during heating. 

In this way the whole problem of resid¬ 
ual stresses would be based really upon 
the knowledge of heat distribution during 
welding. 

An attempt to derive the distribution 
of residual stresses from the distribution 
of temperature during welding has shown 
that in simple cases a good approximation 
has been obtained, at least in points which 
were located not too close to the weld. 
It is doubtful whether this procedure 
would yield more than a qualitative pic¬ 
ture in more complicated cases.* The 
plastic behavior of the material under 
two- and three-dimensional states of 
stress, such as are encountered in actual 
welding, is far from being known, and 
without this knowledge the relation be¬ 
tween stress and strain can be merely a 
matter of speculation. 

For example, sometimes it has been 
stated that the greater the distortion the 
smaller are the residual stresses. This 
statement is mostly based upon considera¬ 
tion of elementary cases like that offered 
by the assembly of Fig. 7. If this as¬ 
sembly underwent no shrinkage whatso¬ 
ever, the whole plastic deformation of 

‘It may, however, be useful in predicting 
the sign and the probable location of maximum 
residual tension. As a rule, the part which is 
the last to cool to room temperature will also 
be the one submitted to the highest residual 
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the bar in the previous example, 0.09%, 
would be cancelled by the elastic strain 
which would increase the residual stress 
from 18,000 to 27,000 psi. In actual 
practice there is no assurance that residual 
stresses are less when distortion is present. 
While distortion is always the result of 
stresses, and in most cases the stresses 
probably are lessened by the distortion, 
one should not draw the conclusion that 
distortion is evidence that the residual 
stresses are low. Likewise it is just as 
important to remember that absence of 
distortion is no proof of the presence of 
residual stresses. 

Distribution and Magnitude of 

Residual Stresses 

It is impossible to make general state¬ 
ments which will cover the distribution 
and magnitude of residual stresses. How¬ 
ever, certain statements regarding specific 
conditions can be made. 

The most common weld is a simple 
butt weld between two unrestrained plates 
of finite size. The pattern of the residual 
stresses for such a weld is well known. 
The longitudinal stresses approach in 
value the yield strength of the deposited 
weld metal, which is usually greater than 
the yield strength of the base plate. The 
transverse stresses are low tension except 
at the ends where they become rather 
high compression. 

Since the longitudinal residual stresses 
are at the yield point, they are not in¬ 
creased by external restraint. If, how¬ 
ever, external restraint is applied in the 
transverse direction, the transverse 
stresses will increase with the yield 
strength of the plate material as their 
limiting value. 

The longitudinal stresses are a function 
of weld length and plate thickness. In 
ordinary low-carbon steel plate, 1-in. 
thick, the longitudinal residual stresses 
have a maximum of 47,000 to 50,000 psi. 
In 8 /4-in. thick plate of the same material 
their maximum is only 40,000 to 42,000 
psi. 

In all welds the stresses tend to be 
tri-axial in nature. However, except in 
very thick plates the stresses in the third 
direction are minor so that the stress 
system is essentially two-dimensional. 
Theoretically, the ability for plastic flow 
to occur should be materially reduced 
when tri-axial stresses exist. However, in 
weldments having serious restraint in 


three directions, tests have shown that 
enough plastic flow does occur to wipe 
out or reduce the residual stresses. There¬ 
fore, there is no direct evidence that even 
in structures where there is considerable 
tri-axiality of stresses do residual stresses 
do any harm. 

Importance of Residual Stresses 

There has been much discussion regard¬ 
ing the effect of residual stresses. Exten¬ 
sive tests have shown that where plastic 
flow can occur, even as little as Va%, 
residual stresses have no effect upon the 
performance of structures subjected to 
static loading. Even in very rigid struc¬ 
tures which had a high degree of tri- 
axial restraint, residual stresses had little 
or no effect. Whether a load can be 
applied to a structure so rapidly that 
there would not be time for a small 
amount of plastic flow to occur, with the 
result that residual stresses would have 
injurious effects, is questionable. The 
effect of residual stresses upon structures 
subjected to dynamic loading and upon 
fatigue strength is not known with cer¬ 
tainty. There is some evidence that they 
have a harmful effect under these condi¬ 
tions, but the results as yet are not con¬ 
clusive. 

Control of Residual Stresses 

The extent to which residual stresses 
may be controlled during welding is 
very limited. Extensive tests have shown 
that wide variations in welding sequence 
result in longitudinal residual stresses of 
almost the same magnitude. In most cases 
even the stress pattern is changed only 
slightly. . 

Certain block welding sequences will 
reduce the residual stresses to some ex¬ 
tent. However, if- the procedure results 
in the final block being put in under a 
condition of high restraint, high residual 
stresses will result in this block. If 
welds can be kept short, the residual 
stresses will be low. This is seldom 
possible. 

If welds are located at points which 
possess the least rigidity, the stresses will 
b« kept to the lowest possible magnitude. 
Figure 8 illustrates this point. 

In a few cases it is possible to reduce 
the magnitude of reaction stresses, by 
mechanical or thermal control. Consider 
the column assembly shown in Fig. 9. If 
Column A were removed from the as- . 
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sembly and welded, there would be no 
reaction stresses and very little residual 
stresses. If the weld is made while A 
is in the assembly, as shown in Fig. 9, 
the restraint offered by the axial shrink¬ 
age involved by welding is 0.06% of the 
whole length. If the assembly is made 
of mild steel, at room temperature this 
amount of deformation is still within the 
elastic range. Consequently the columns 
BB may be safely expanded to this extent 
by any mechanical means, for example, 


velop. For it is seen from Fig. 5 that 
above room temperature, say at 180°F., 
there still remains a great deal of shrink¬ 
age to take place in cooling to room tem¬ 
perature, and consequently high reaction 
stress may occur. There is no reason 
why this stress should disappear if all 
three columns are cooled simultaneously 
down to room temperature. 

Consideration of Fig. 5 suggests that 
no shrinkage and no reaction stress will 
develop at any intermediate temperature 



Fig. 8.—Diagram Illustrating the Principle 
Locating of Welds in Highly Stressed Structu 

Important Change of Section 


of Avoiding the 
res at Points of 


by lifting jacks; they will recover their 
initial length after removing the jacks. 
If the repair welding is being made while 
the columns BB are under constraint, then 
after complete cooling of the iveld the 
removal of the jacks will cause the same 


thereafter, if the three columns are 
simultaneously cooled from the tempera¬ 
ture marked by letter L in Fig. 5, at 
which temperature the shrinkage' is 
exactly zero. Owing to the fact that the 
metal adjacent to a weld reaches all 



contraction in all three columns, and no 

re ?f. tlon str ess will be left in the assembly. 

Ihe same purpose can be achieved by 
preheating the columns BB to some 220° 

, a * w hich temperature the expansion 
will be equal to 0.06% (Fig. 5). The 
cooling of the columns BB must not take 
ace before the weld is completely cooled; 
°t lervvise, some reaction stresses will de¬ 


possible temperatures between the melting 
point and the surrounding plate tempera¬ 
ture, it will not be possible to find a 
temperature corresponding to the letter L 
at which the shrinkage will be exactly 
zero, except possibly for parts which 
reach a very high temperature. In weld- 
mg, this temperature will be generally 
found above some 1200°F. so that this 
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treatment will become equivalent to a 
stress-relieving heat treatment. 

Relief of Residual Stresses 

Since residual stresses nearly always 
are present in weldments, there is often 
a desire to remove or reduce them. This 
is accomplished only by forcing or allow¬ 
ing plastic deformation to take place in 
such a way that its effect will be opposite 
to that of the shrinkage. The actual 
methods by which residual stresses may 
be relieved or reduced are discussed in 

Chapter 43. 

Shrinkage and Distortion 

The factors responsible for shrinkage 
distortion are basically the same as the 
factors favoring residual stress which have 
been considered previously. But there 
is no simple relation between shrinkage 
distortion and residual stress. By shrink¬ 
age distortion is meant the overall change 
in shape and dimension caused by welding. 


is no longer true when the welded struc¬ 
ture undergoes buckling or angular dis¬ 
tortion. 

Angular distortion is a result of an 
unsymmetrical shrinkage. It may be¬ 
come important if the structure offers little 
rigidity in the direction in which the 
angular distortion is going to take place. 
This is particularly true if the shrinkage 
is not uniform across the thickness. Con¬ 
sider, for example, in Fig. 10, a butt- 
welded joint made in several passes. 
After the first bead has been laid and 
cooled down to room temperature, the 
joint will no longer be able to shrink 
freely in the transverse direction. Thus, 
the shrinkage of the second layer will be 
impeded by the resistance of the first 
layer, and since these two actions are not 
in line, angular distortion will result. 
Angular distortion will increase gradually 
as welding proceeds, provided the sub¬ 
sequent beads are deposited in the same 
way as the second one. Likewise, a bead 



Fig. 10.—Sketch Illustrating the Tendency of Multiple-Pass Welds 

to Produce Distortion 


In special cases this change may be in¬ 
significant, yet residual stress may be 
high, if, for example, the parts to be 
welded are firmly held everywhere during 
welding. Conversely, great apparent dis¬ 
tortion may be connected with only small 
residual stress, if welding is made on 
highly preheated parts, which are easily 
deformed. 

The extent and amount of shrinkage 
distortion are widely dependent on the 
orientation and geometry of welds. 

As a rule shrinkage will be smaller in 
the direction of weld than transverse to 
the weld, because in the longitudinal di¬ 
rection differently heated zones will be 
more in conflict than in the transverse 
direction. However, high transverse 
rigidity may easily upset this rule. In 
neither case will the shrinkage become 
very important. For example, the overall 
shrinkage is reported to be: (1) 0.1% 
in arc-welded plate girders; (2) 0.05% 
in arc-welded lattice trusses; (3) 0.03 to 
0.04% in welded ships, in length. This 


deposited on the upper face of a plate will 
tend to make the plate curl and buckle 
in the longitudinal direction, Fig. 11. 

Unsymmetrical shrinkage with respect 
to the width may also cause angular dis¬ 
tortion. So, for example, marked curva¬ 
ture may occur in composite beams hav¬ 
ing continuous fillet welds located ec¬ 
centrically with respect to the gravity 
axis, x — x. Fig. 12. 

Finally, unsymmetrical shrinkage in 
continuous welding along the seam is 
revealed by gradual closing of the space 
between two butted plates. Methods for 
the control and removal of shrinkage and 
distortion are given in Chapter 43. 

HEAT FLOW PROBLEMS 

Particular Features of Heat Flow in 

Welding 

Compared to other problems of heat 
flow in bodies, the problem of heat dis¬ 
tribution during welding (and oxygen 
cutting as well) exhibits two particular 
features: first, the heat source (arc in 
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arc welding, torch in gas welding) in¬ 
stead of being stationary moves on the 
surface of the piece to be welded with a 
speed which is usually constant; second, 
if welding is performed over a sufficient 
length, a state called quasi-stationary is 
soon created in the weldment. 

To define this state let us assume an 
observer to be stationed at the source of 
heat during welding. Then, if the quasi- 
stationary state is reached in the piece, the 
observer will notice no change in the 


equations of heat How. A solution is 
then obtained with the desired degree of 
precision for most practical cases. How¬ 
ever, the usual assumption is involved in 
such a solution, namely, that the physical 
characteristics of the material such as 
specific heat, density and heat conduc¬ 
tivity are independent of the temperature. 
As previously seen, this assumption is by 
no means true, and a correcting factor 
will be generally needed to adjust the 
formula to experimental results. 



Fig. 11. Sketch Illustrating the Effect of Longitudinal 


Weld Shrinkage in Producing Distortion 


temperature distribution around the heat 
source. 1 o look at it in another way, 
let the temperature distribution around the 
heat source be represented by a hill, the 
isotherms being the contour lines of the 
hill (lines in big. 13); then, in a quasi- 
stationary state of heat transfer the hill 
will move as a rigid body on the surface 
of the plate without undergoing any modi¬ 
fication either in size or shape. 

As a consequence the traces left on 
the surface by different isotherms will 
become straight lines parallel to the 
direction of welding. 

The establishment of the quasi-station¬ 
ary state can easily be demonstrated by 
means of the zones of different color, 


i'o simplify the calculations two addi¬ 
tional assumptions are made: 

1. The heat source is a point. I bis 
assumption is satisfactory for arc weld¬ 
ing with small electrodes, but is only 
a rough approximation for gas welding 
and cutting. 

2. From large welded pieces there 
are no heat losses to the* surrounding 

• : 1 In general, this assump¬ 

tion is supported by experiment, and is 
explained by the fact that the heat 
conductivity of metals is usually much 
greater than their heat transmission 
through the surfaces. This may not 
be true for certain special steels with 
low conductivity, but, even for these, 
the assumption is advantageous because 



Fig. 12.—Sketch Illustrating the Effect of Eccentrically Placed Welds in 



B 

Producing Distortion 


which form on the polished surface of a 
>teel during welding. As is well known, 
these colors are formed at definite tem¬ 
peratures so that the maximum tempera¬ 
ture readied by different parts of a plate 
can be determined. When the thermal 
state is quasi-stationary, these zones be¬ 


lt enables an investigator to account 
separately for the influence of each fac¬ 
tor, which is sometimes difficult in an 
experimental study. 


Practical Results 


come parallel to the direction of welding. 

Theoretical Approach 

The establishment of a quasi-stationary 
state can lie accounted for by the general 


I he heat distribution of the quasi- 
stationary state during welding is best 
understood when examining families of 
isotherms drawn around the heat source, 
big. 13. The general features of heat 
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Fig. 13.—Temperature Distribution Around the Heat Source 

(Left) Thin plate (0.2-in. thick). (Right) Very thick plate (more than 4-in. thick). 

(Top) Representation in form of a hill. (Bottom) Representation in topographic projection. 
n-n —Locus of maximum temperature. 

Plate—low-carbon steel; current intensity, 200 amp.; welding speed 8.0 in./min. 


flow involved in welding are at once 
apparent from these isotherms, namely: 

1. The rise of temperature, in front 
of the heat source, is steeper than the 
fall of temperature behind the source. 

2. The points on the plate passing 
through the maximum temperature at 
the same instant are located on a line, 
n, which is curved backward. This is 
due to the finite speed of heat flow in 
metals, which delays the occurrence of 
the maximum temperature in parts of 
the plate more distant from the weld 
seam. The curve n separates the part 
of the plate (in front of it) with tem¬ 
perature rising, from the part (behind 
it) with temperature falling at the same 
instant. 

3. As a consequence of a much steeper 
temperature gradient ahead of the elec¬ 
trode during welding, brought about by 
the movement of the heat source rela¬ 


tive to the direction of heat flow, the 
metal is more quickly heated to, than 
cooled from, a given temperature. The 
difference is particularly pronounced at 
the line of welding and it decreases 
gradually for the more distant portions 
of the plate. 

The influence of each factor is also ex¬ 
plained more readily by comparison of 
the corresponding isotherms: 

1. Thickness .—As shown in Fig. 13 
for welding conditions in which there 
is the same rate of heating, a wider 
heat-affected zone is created in the 
thinner plate (thickness—0.5 cm. = 0.2 
in.) than in the thicker one (of almost 
infinite thickness). As a result the 
temperature drop (gradient) is less 
pronounced in the former one. At the 
same time the lag of the curve n is 
greater, this owing to the smaller cross- 
section and consequently greater resist- 
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ance offered to heat flow. (The elec¬ 
trical analogy is obvious.) 

2. Nature of Material .—The two 
lower diagrams, Fig. 14, indicate that 
greater heat diffusion in aluminum, D, 
results in a more circular shape of 
isotherms than in iron, C. The same 
applies to the curve n, which, as ought 
to be expected, is also nearly straight. 

3/ Current Intensity —From the two 
left-side diagrams, A and C of Fig. 14, 
it is apparent that increasing current 
intensity widens the heat-affected zone 
without much changing the shape of 
isotherms. On the contrary : 

4. The speed of welding affects mostly 
the shape of isotherms. The higher the 
speed, the more elongated are the iso¬ 
therms and the more pronounced the lag 
of the curve n. (Compare the two dia¬ 
grams, A and B, on the top of Fig. 14.) 

5. Preheating decreases only the 
range between the considered tempera¬ 
ture and the initial temperature. 


Neither the shape nor the size of the 
isotherm is changed, but the same iso¬ 
therm belongs now to a higher tempera¬ 
ture. As a result the fusion zone, i.e., 
the zone comprised within the isotherm 
of the melting point, is widened. 

Application to Welding Practice 

One of the most useful applications of 
diagrams like that drawn in Fig. 14 con¬ 
sists in evaluating the time needed for a 
given point of the welded piece to cool 
down from a higher to a lower tempera¬ 
ture. As will be seen later, this is par¬ 
ticularly important when dealing with the 
problem of weldability of high-carbon or 
low-alloy steels. 

For the present application it will be re¬ 
called that in the quasi-stationary state 
the families of isotherms move in the 
direction of welding with the same speed 
as the electrode itself. Therefore, the 




fig. 


^•“Temperature Distribution as a Function 

Nature of the Base Metal. 


°, £ , Cu " ent Intensity, Welding Speed and 
Very Thick Plate 


A —Low carbon steel, 200 amp., welding speed, 4 in. /min. 
ti —Low carbon steel, 200 amp., welding speed, 8 in./min. 

( —Low carbon steel, 400 amp., welding speed. 4 in./nun. 

D —Aluminum, same heat input and same welding speed as for C, 
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time interval in which a given point of 
the piece is passed by two given isotherms 
is equal to the distance between the iso¬ 
therms divided by the speed of welding. 

For example, in the case of the left- 
hand diagram, Fig. 13, the distance be¬ 
tween two isotherms marked 800 and 
600°C. (1470 and 1110°F.) in. away 
from the line of welding, X—X, is A'B' 
— 4 in. 

Since the speed of welding, v 0f is 8.0 in. 
per minute, the distance A'B' will be 
covered in A'B'/v 4/8.0 = 0.50 min. 
In other words, it would take 0.50 min. 
to cool any point located V* in. away from 
the line of welding from 1470 to 1110°F. 
More generally, if the distance between 
the isotherms of Fig. 13 is read on a 
scale Vo times greater in the direction of 
welding, the diagram, instead of marking 
the location of temperatures on the sur¬ 
face of the plate at a given moment , will 
indicate the intervals from one tempera¬ 


ture to another for each point of a given 
cross-section. 

The average cooling speed between two 
successive temperatures is also easily com¬ 
puted by means of these diagrams. Thus, 
in the case of Fig. 13 the average cool¬ 
ing speed between 1470 and 1110°F., 1 U 

in. away from the line of welding, is 

(1470 - 1110)/0.50 = 720°F./mill. 

It is found that the cooling speed de¬ 
creases as: (1) the heat input per linear 
inch of welding increases, and (2) the 
preheating temperature increases. 

The numerical relation between these 
values depends upon the nature and size 
of specimens to be welded and also upon 
the welding process involved. All these 
influences, however, are reflected in the 
general aspect of the isothermal diagrams, 
the knowledge of which appears there¬ 
fore to be of outstanding importance to 
the welding practice. 
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CHAPTER 3 


FUNDAMENTALS OF WELDING 

METALLURGY* 


INTRODUCTION 


Metallurgy of welding is concerned 
with the properties of the metallic ma¬ 
terials which are involved and the me¬ 
chanical and thermal effects established 
during the welding process. In securing 
a satisfactory and homogeneous weld 
junction, temperatures are required rang¬ 
ing from well above the melting point 
to the ambient temperature of the sec¬ 
tions being welded. This range of tem¬ 
peratures produces thermal changes in¬ 
cluding expansion and contraction, metal¬ 
lurgical effects such as grain growth 
and heat treatment, chemical reactions and 
changes in mechanical properties such as 
strength and ductility. The rate of heat¬ 
ing and cooling incident to the making of 
any weld depends upon the particular 
process which is being used and the ma¬ 
terial and dimensions of the section being 
welded. Comparatively high rates of 
heating and cooling accompany a weld 
made by resistance welding, whereas 
comparatively slow rates of temperature 
change accompany a joint being made 
by gas welding. Extensive investiga¬ 
tions have been carried out in order to 
establish the relationship of temperature 
and time for various welding techniques. 
For example, a weld bead deposited by 
the electric arc process upon a 1 / 2 -in. 
thick steel plate with a a /i«-in. diameter 
electrode, using 175 amp., 26 volts and 6 
m. per min. travel will show, in the base 
metal immediately adjacent to the weld 
metal, an increase from ambient to melt- 
mg temperatures in approximately 7 sec- 
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onds and a decrease from this maximum 
temperature to 572°F. (300°C.) in one 
minute. The effect of the welding process 
upon any material will be determined by 
the exact thermal cycle through which 
the material progresses. Expansion and 
metallurgical changes will be related to 
many of the common properties of the 
material which is being welded. The 
melting point of the weld metal or base 
metal will control the temperature at the 
fusion line. The specific heat and thermal 
conductivity will, for any given welding 
technique, determine the extent to which 
the base metal is heated. The contraction 
of the weld will, together with the ex¬ 
pansion and contraction of the base metal 
in the zone adjacent to the weld, affect the 
stresses and distortion which may occur 
in the weld zone. 

Most of the metals commercially used 
in weldments consist of one or two major 
elements with one or more alloying ele¬ 
ments. For information regarding specific 
alloys, reference should be made to indi¬ 
vidual chapters discussing those alloys. 

If a cross section of a weld is ex¬ 
amined several zones will be evident. 
Usually two sections of plate material, 
together with a weld deposit, constitute 
the essential parts. The weld metal may 
assume a variety of shapes depending 
upon the type of joint. In some joints 
little or no molten metal is in evidence. 
Such a joint would be obtained by a 
welding process where pressure is used. 
In spot-welding, the joint comprises a 
nugget entirely surrounded by the base 
metal. In most of the arc and gas weld¬ 
ing processes a portion of the base metal 
is melted and joined with the molten 
filler metal. In brazing no base metal is 
included in the molten weld metal. From 
a metallurgical standpoint, there must 
be considered the reactions of the weld 
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metal m the liquid state, the mechanics of 
solidification, and the effects of thermal 
history in the solid state, as established 
by the welding process and by auxiliary 
heat-treating procedures. The base metal 
may contribute alloying elements, thus 
controlling the chemical composition of 
the weld metal. The heat evolved during 
welding must be dissipated throughout the 
weld joint, and much consideration has 
been given to the heat-affected zone 
immediately adjacent to the weld metal. 
In the further discussion of metallurgy 
of welding, it will be necessary to con¬ 
sider the effect of welding on metal¬ 
lurgical behavior of various materials. 
Much of the progress in the metallurgy 
of welding has resulted from the practical 
application of general metallurgical prin¬ 
ciples. Although the rates of heating 
and cooling and the maximum tempera¬ 
tures occurring at the fusion line are not 
identical to those encountered in heat- 
treating practices, many of the general 
principles of heat-treating are useful in 
interpreting the metallurgical effects of 
welding. The following section presents 
fundamentals of metallurgical behavior 
generally applicable to the metallurgy of 
welding. 

EQUILIBRIUM AND NON-EQUILIB¬ 
RIUM CONDITIONS 

Principles of Alloy Diagrams 

Alloy diagrams are charts which sum¬ 
marize the phase changes that take place 
in any of a series of alloy compositions 
as the temperature is changed. While 
certain features of these diagrams are 
known to obey the phase rule, the dia¬ 
grams can only be constructed from ex¬ 
perimental data. According to the num¬ 
ber of constituents making up the alloy, 
it is designated as a binary, ternary or 
quaternary alloy, etc., having respectively, 
two, three or four, etc., components pres¬ 
ent. In order to understand the use of 
alloy diagrams, the reader may find it 
helpful to learn how such a diagram is 
obtained from laboratory experiments. 

Let it be assumed that the alloys of 
copper and nickel are to be studied. A 
series of compositions of these metals is 
prepared and examined over a range of 
temperatures. For a beginning, the tem¬ 
peratures of melting and freezing are to 
be determined. One problem is to de¬ 


velop a technique to accurately determine 
these temperatures. Since melting and 
freezing involve absorption or evolution 
of heat, one of the best methods is to 
allow a molten bath to cool slowly while 
temperature and time measurements are 
made. The heat of solidification will 
cause a jog or discontinuity in the cool¬ 
ing curve, and thus the freezing tem¬ 
perature will be revealed. The shape of 
the jog will show the manner in which 
freezing takes place, as a pure metal 
always freezes at a single temperature, 
while alloys may freeze over a range of 
temperatures. The cooling curves of 
pure copper and of an alloy containing 
50% copper with 50% nickel appear as 
shown in Fig. 1. At the points marked 
A and B , the jogs begin and end, respec¬ 
tively ; these are the temperatures at 
which freezing begins and ends. 
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Fig. 1.—Typical Cooling Curves for Copper and 

a Copper-Nickel Alloy 


If such information is obtained for a 
sufficient number of alloy compositions, 
the characteristics of a whole system will 
be determined. A single diagram can 
be used to plot the temperatures at which 
A and B occur for each alloy, as shown 
in Fig. 2. Temperatures are plotted on 
the vertical axis and alloy compositions 
on the horizontal axis. If all of the 
A points are connected by a line, called 
the liquidus line, the temperature at 
which any alloy in the system will start 
to freeze can be determined by erecting 
a perpendicular from the horizontal axis * 
at a point corresponding to the compo¬ 
sition of the alloy and reading the tem¬ 
perature at which it intersects the A line. 

If this particular alloy had been studied 
in the laboratory, its A point would have 
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been found to occur at this intersection 
temperature, but the diagram, when suf¬ 
ficiently established by data, will allow the 
start of freezing to be determined for all 
intermediate alloys without experiment. 



Fig. 2 .—c oppor-Nickel Equilibrium Diagram 


Similarly, a line connecting the B points, 
called the solidus line, will show where 
freezing is complete. Thus, if any alloy 
is heated above the A line, or liquidus, 
it will be completely liquid; if it is at a 
temperature between the A and B line, it 
will be partially molten and partially 
solid; and at temperatures below the B 
line, it will be completely solid. The 
areas or fields on the diagram corre¬ 
sponding to these conditions of tempera¬ 
ture and alloy composition can therefore 
be labeled liquid, liquid and solid and 
solid. Since copper and nickel mixed in 
any proportion form only one type of 
crystal structure in the solid state, they 
are said to form a solid solution alloy. 
Any other binary alloy system in which 
complete solid solubility exists will pos¬ 
sess a similar form of diagram, differing 
only in the location and shape of the lines 
denoting the beginning and ending of 
freezing or melting. 

It must be emphasized that the fore¬ 
going discussion is dependent upon the 
maintenance of equilibrium conditions, 
which require that any change occurring 
!n an alloy is a reversible change. This 
means that any phase change due, say to 
a temperature drop, will be reversed by 
raising the temperature back to the ini¬ 
tial point. Since the validity of alloy 
diagrams is contingent on equilibrium con- 

ditions, they are commonly called equi¬ 
librium diagrams. 

Consideration will now be turned to 


another type of alloy diagram in which 
the component metals are not capable of 
dissolving into a single solid solution in 
all proportions. In this case, the metals 
will produce alloys in which there are 
two separate phases in the solid state. 
If cooling curves are conducted on a 
series of alloys between copper (Cu) and 
silver (Ag), the A and B points will 
assume the configuration shown in Fig. 
3. One alloy in the series will be found 
to have a freezing point occurring at a 
single temperature, which will be the 
lowest of any composition. However, 
many alloys on either side of this com¬ 
position will complete freezing at this 
same temperature. The lowest melting 
alloy is called a eutectic, and the diagram 
is called a eutectic diagram. 

Some of the features of the eutectic 
diagram may be pointed out. If the por¬ 
tion of the diagram containing up to 9% 
Cu is examined, it will be noticed that 
freezing occurs in a manner exactly analo¬ 
gous to that in a solid solution system. 



Fig. 3.—Copper-Silver Equilibrium Diagram 

All solid alloys in this portion will be 
single-phase alloys containing crystals of 
the solid solution labeled “a.” Likewise, 
all solid alloys between 92 and 100% 
Cu will be solid solution alloys contain¬ 
ing only “/3” phase. Thus, only the 
alloys lying between 9 and 92% Cu will 
form the eutectic type of structure. 

The freezing of an alloy whose com¬ 
position falls, say at 15% Cu, will be 
described. As the liquid alloy cools to its 
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A temperature, solid crystals will start 
to form. These will be crystals of a 
solid solution and are called’ primary 
crystals. This brings up an important 
point. The crystals which form cannot 
be of the same analysis as the liquid 
from which they originate. They must 



Fig. 4.——Changes in Composition During 

Solidification 


be of such an analysis that they, taken 
by themselves since they are completely 
solid, constitute an alloy which is just 
completely solid at the temperature in 
question. The alloy filling this require¬ 
ment uniquely is that located by the inter¬ 
section of an isothermal line drawn from 
the A x point of the alloy over to the solidus 
at the point marked Bx in Fig. 4. As 
freezing continues, the crystals which form 
will adjust their composition to continue 
to meet the condition that has been 
stated. Thus, at a lower temperature the 
a crystals will have the analysis indicated 
by point B 2 , and by the time cooling has 
proceeded to the eutectic freezing tem¬ 
perature, they will have the composition 
shown by joint B 3 . 

Meanwhile, the liquid has been shifting 
in composition as well. Since the crystals 
forming are richer in silver than the 
original alloy, the liquid must be depleted 
in that metal. Its composition, by reason¬ 
ing similar to that above, must be that 
of an alloy just completely molten at the 
stated temperature. Thus, when the crys¬ 
tals have assumed the composition shown 
by point B t , the liquid will have the analy¬ 
sis indicated by the point A 2 . At the 
eutectic temperature, the crystals will 
have the analysis shown by point B 3 and 
the liquid by point A s , the eutectic alloy 
composition. At this temperature, the 


remainder of freezing must take place, 
and it will occur by the simultaneous 
freezing of a and £ solid crystals. Be¬ 
cause they form simultaneously, these 
crystals will be intimately mixed in a 
structure made of thin, alternate plates 
of the two phases or perhaps a salt and 
pepper type of intermingling. The final 
solid alloy, therefore, will contain the 
larger primary crystals of a formed at 
higher temperatures, together with the 
eutectic mixture of a and £. An alloy of 
eutectic composition will possess a solid 
structure composed entirely of the a and 
£ mixture, while any alloy between the 
eutectic and 92% Cu will form primary 

crystals of and a eutectic structure of 
a and /3. 

As might be expected there are many 
alloy systems in which the relations be¬ 
tween the components are more compli¬ 
cated than those discussed above. How¬ 
ever, these basic types have been de¬ 
scribed in some detail because the more 
complicated diagrams can almost all be 
subdivided into sectors which by them¬ 
selves constitute either one or the other 
of these two types. Intermetallic com¬ 
pounds may form which are similar to 
chemical compounds in that there is a 
strong binding force between the atoms. 



Fig. 5.—Magnesium-Copper Equilibrium Dia¬ 
gram 


In an alloy system, an intermetallic com¬ 
pound is likely to behave much as if it 
were a single component. In an alloy 
binary system of magnesium and copper, 
two intermetallic compounds form: 
MgsCu and MgCua. Each of these com- 
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pounds behaves as if it were a pure metal. 
The whole diagram shown in Fig. 5 
could be reduced to three simpler dia¬ 
grams by parting it at the compositions 
MgaCu and MgCu 2 . 

As a further example of the construc¬ 
tion of complex diagrams from simpler 
units, the iron-carbon diagram will now 
be described, since it is perhaps the most 
important single alloy diagram in metal¬ 
lurgy. 


more complex relations than those shown 
by Cu-Ni or Cu-Ag alloys. It is pos¬ 
sible, however, to divide the alloy dia¬ 
gram into simpler segments, as was 
demonstrated above. In the upper left- 
hand area of Fig. 6, the diagram is typi¬ 
cal of any solid-solution alloy series, ex¬ 
cept for a further complexity at low 
carbon contents which may be ignored 
here because it has no importance in 
ordinary iron-carbon alloys. The range 



Fig. 6.—The Iron-Carbon Equilibrium Diagram 


The Irnn-Carbnn Diagram .—It is im¬ 
portant that some consideration be given 
to the iron-carbon equilibrium diagram, 
from which a better understanding of the 
behavior of steel can be gained, especially 
in connection with welding thermal cycles 
and with heat treatment. 

The alloys of iron and carbon display 


i.i'iMIJuauiuil -vy IU l./yo V. 

is usually regarded as the limit of steel 
compositions. Thus, all steels freeze as 
solid solution alloys. The solid solution 
tormed has been named austenite The 
upper right area is similar in appearance 
to the eutectic type of diagram. The Fe- 
C alloys above 1.7% C compose the cast 
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irons and all solidify with a eutectic pres¬ 
ent in their structure. Since few cast 
irons exceed 4% carbon, they usually 
commence freezing by the formation of 
primary crystals of austenite, as the dia¬ 
gram shows. 

The lower left portion of the diagram 
is of special significance to the unique 
properties of steel and departs, at least 
in one respect, from the basic diagrams 
covered previously. One might guess 
that another eutectic is depicted in this 
lower area if it were not for the fact that 
all of the alloys are already completely 
solidified before they cool to this tem¬ 
perature range. Therefore, it must be 
that a eutectic-like structure forms from 
a solid instead of a liquid solution. In 
this case, austenite decomposes to form 
two new phases : one is almost pure iron 
and is called ferrite; the other is a com¬ 
pound of iron and carbon. Fe 3 C, which 
is called cemcntite. As will be seen later, 
it is this portion of the diagram which 
helps to explain some of the effects that 
are produced in steel by the thermal cycle 
of welding. 

Solidification of Metals 

Solidification of alloys, such as steel, 
does not occur at a fixed temperature, 
but within a range. Initiation of solidi¬ 
fication begins at the liquidus and is com¬ 
plete at the solidus temperature (Fig. 6). 
The mixture of solid and liquid states ex¬ 
tends over what is called the mushy stage. 
The first crystals which freeze will tend 
to be richer in the higher melting con¬ 
stituent in obedience to the principles of 
the alloy diagram discussed previously 
and illustrated by Fig. 4. As freezing 
proceeds, the crystals will become richer 
in the lower melting constituents and 
thus produce a heterogeneity of composi¬ 
tion in the final solid metal. It is this 
mechanism of freezing that gives rise to 
segregation in cast alloys. By exposure 
to high temperatures for a long period of 
time or by extensive plastic working of 
the metal, the composition can be equal¬ 
ized or homogenized considerably. Be¬ 
sides the reduction of segregation, work¬ 
ing of the metal will tend to introduce re¬ 
finement in grain size. 

The physical properties of a solid metal 
or alloy are influenced by the maximum 
temperature of superheat of its liquid 
phase and the rate and mechanism of its 
solidification. Characteristics inherited 


from these temperatures are only partly 
removed by extensive mechanical and 
thermal treatment of the solid metal. 
The differences between weld metal and 
forged and cast metal structures are in 
part attributable to the high temperatures 
attained during fusion in welding and the 
rapid solidification rate which follows. 

Dendritic Solidification .—Solidification 
of a molten metal does not usually initiate 
simultaneously throughout its mass, but 
begins at points called nuclei in the cooler 
regions of the metal and proceeds in a 
direction opposite to the thermal cooling 
gradient. The solidification advances in 
all directions which are normal to its 
main axis of progression, so that a 
dendritic or tree-like pattern is formed. 
The secondary, tertiary and succeeding 
minor axes, all normal to their preceding 
members, fill out the spaces between ad¬ 
jacent dendrites until all the mass is 
solid. The dendritic growth of a crystal 
is shown in Fig. 7. 



Grain formations which built up the 
dendrite may be subject to growth by 
recrystallization if two or more crystal¬ 
lites are nearly alike in orientation. 
Under favorable circumstances, one as¬ 
sumes the same atomic arrangement as 
the other and becomes a part of it. Too 
rapid cooling lowers the atomic mobilities 
which permit this crystal growth; high 
temperatures favor this action. The grain 
formation from individual nuclei is shown 
in Fig. 8. 

Weld Metal Solidification .—If molten 
metal solidifies upon a chilling surface, 
such as a mold or the base metal in a 
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welding operation, there is formed im¬ 
mediately near this surface a thin, solid 
layer of practically the same composition 
as the liquid metal. The rapidity of 
solidification prevents any great selective 
solidification with varying composition. 
At the same time, the original filler metal 
composition, in the case of added weld 
metal, is modified by mixture with base 
metal, which is fused by the heat of 
welding. The extent or penetration of 
this fusion and incorporation of either 
base metal or sublayer of added weld metal 
is a function of the electrode or welding 
process used, the current, rate of travel 
or time cycle, and all the factors con¬ 
cerned with transfer of heat away from 
the welding zone. 



Fig, 8.—Grain Formation from Individual 

Nuclei 


The heat effect, measurable by the 
amount of fusion, penetration and alloy¬ 
ing, is important with respect to reaction 
of the liquid metal with the base metal. 
It is observable in respect to effect on 
undercutting in the side walls of weld 
grooves, metal shrinkage, gas formation 
and distortion in the assembled structure. 
Undercutting or the melting away of the 
side walls of the base metal is a frequent 

cause of slag entrapment in the undercut 
cavity. 

In many welding processes the extreme 
rapidity of freezing of the added weld 
metal may approach the condition men¬ 
tioned above where little preferential 
solidification can occur and the final com¬ 
position is practically uniform. Heavier 
weld deposits with higher heat input 
permit more pronounced dendritic solidi¬ 
fication. The primary axes of these den¬ 
drites are relatively low in impurities, 


while the interstices of the dendrites are 
most concentrated in them. However, 
after the solidification, some equalization 
of composition may occur by slow migra¬ 
tion or diffusion of the elements. 

Atomic Ordering and Crystallization .— 
The solidification of a metal is attended 
by a systematic arrangement of atoms 
from a disordered or random distribution 
in the liquid state into one of orderly 
spacing in their solid state. A single 
system of orderly arrangement does not 
extend throughout the metal mass, but 
initiates from a number of sources called 
nuclei wherever a small aggregation of 
atoms can assemble into order and con¬ 
tinue to grow. These nuclei develop into 
a crystal, which is an aggregation with a 
definite internal structure or arrangement 
of atoms throughout and forming a 
coherent part of the whole. 

It is to he noted that pure iron, which 
exists in several different forms depending 
upon temperature, undergoes three allo- 
tropic transformations in cooling from 
the solidus to room temperature (see 
big. 6). At the A k temperature of 
2535°F. (1390°C.), the delta ferrite, first 
to solidify, is transformed to gamma iron 
or austenite. At 1670°F. (910°C.) the 
gamma or austenitic phase changes to 
alpha ferrite. Both the delta and alpha 
phases crystallize with a body-centered 
cubic lattice. This crystallization results 
in an atomic packing with a representa¬ 
tive unit cell having atoms at all corners 
of the cube and one at the cell center. 
The gamma phase has a face-centered 
lattice arrangement with atoms at all 
comers of a cubic cell and in the center 
of all six faces. The crystal or grain 
consists of a parallel assembly of such 
cells in contiguous relationship. (See 
Figs. 9 and 10.) 

A perfectly formed crystal is bounded 
by a series of plane surfaces characteristic 
of its chemical composition. This ex¬ 
ternal appearance is indicative of the 
internal geometry of atomic lattices. Few 
industrial alloys, however, permit the 
formation of perfect crystals, since their 
growth is interrupted by adjacent crystals 
developing from nearby nuclei. The in¬ 
complete and necessarily irregular crystals 
are known as grains. They are strongly 
bonded together by the intergranular 
matter of randomly oriented atoms. The 
high strength of this intergranular ma¬ 
terial, together with the differences in 
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orientation among the constituent grains, 
results in a yield strength which appreci¬ 
ably exceeds that of a single crystal. 

The addition of carbon to iron results 
in a proportional shifting of these allo- 
tropic temperatures and lowering of the 
liquidus and solidus ranges. It likewise 
changes the composition of austenite and 
permits the formation of iron carbide or 
cementitc. In the iron-carbon consti- 



Tig. 9.'“•Face-Centered Cubic Lattice 
Typical of Austenite 

tutional diagram, shown in Fig. 6, prac¬ 
tically complete equilibrium conditions 
are assumed in which sufficient time is 
given for essential completion of all re¬ 
actions. The constitutional diagram does 
not indicate the transition products or 
the factor of time in heating or cooling. 
The effects of these factors will be dis¬ 
cussed later. 

In low-carbon steels the delta phase 
with a body-centered cubic lattice is 
first to solidify but is converted to the 
gamma phase with a face-centered cubic 
lattice at only slightly lower tempera¬ 
tures. At higher carbon contents, the 
gamma iron forms directly from the li¬ 
quid phase. The gamma constituent is 
a solid solution of carbon or iron carbide 
in gamma iron, and at lower tempera¬ 
tures it precipitates the carbon either as 
pearlite or in the free condition. Below 
some 0.83% carbon, ferrite is precipi¬ 
tated from solid solution before the 
cementite is rejected, and the temperatures 
at which this begins are indicated in the 
As line. Since ferrite has very little 
solubility for carbon, the concentration 
of this element is increased in the remain¬ 
ing untransformed austenite. When this 
concentration reaches 0.83%, which is 
the eutectoid composition, there is a 
simultaneous precipitation of ferrite and 
carbide below 1333° F. (723°C.) in a 
characteristic and intimate arrangement 
known as pearlite. 

If the eutectoid composition of 0.83% 
carbon is exceeded, iron carbide is the 


first phase to precipitate from austenite 
starting at the A cm line in Fig. 6. At 
the lower limit of its solubility at the 
Ai temperature, the remaining austenite 
is converted to pearlite. The eutectic of 
austenite and cementite, which is charac¬ 
teristic of cast iron, is formed from com¬ 
positions of higher carbon contents. At 
lower temperatures, the final constituents 
are cementite, pearlite and ferrite, and 
in the presence of high silicon and slow 
cooling rates, the cementite may decom¬ 
pose to graphite. In all of these alloys 
ferrite has a small but measurable solu¬ 
bility for carbon; a maximum of only 
0.03% at room temperature. 

Transformations in Steel 

Recrystallisation .—The transformations 
in steel not only cause a rearrangement of 
the atomic pattern, but are accompanied 
by recrystallization, since the transfor¬ 
mation from the old phase or phases, to 
the new, initiates simultaneously from a 
large number of nuclei and proceeds un¬ 
til interrupted by adjacent recrystallized 
grains. Grain refinement is ordinarily 
accomplished in industrial practices by 
heating steel to just above the A 3 tem¬ 
peratures, which assures that all of the 
previous structure is transformed and re¬ 
crystallized. If the temperature is carried 
much above the A 3 limit and well into 
the completely austenitic region, the grain 
size increases by growth in which two or 
more adjacent grains assume the same 
crystal orientation and unite as one. 



Fig. 10—Body-Centered Cubic Lattice 

Typical of Ferrite 

Growth differs from recrystallization in 
that it is independent of phase transforma¬ 
tion, since the same type of atomic 
arrangement is maintained. It implies an 
effect similar to a crystal rotation so that 
grains of the same lattice spacings also 
assume the same crystallographic axes as 
adjoining grains and thus merge to be¬ 
come larger grains. 

In plain carbon steel welds of low- 
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carbon content, we rarely find austenite 
at room temperature in either the added 
or base metals, since this phase trans¬ 
forms rapidly during cooling and is re¬ 
tained only by exceedingly drastic quench¬ 
ing. Although this is true, austenite 
may transform to a variety of products, 
depending upon its aggregation, which 
is controlled by cooling rate. Since the 
constitutional diagram shows only the 
stable equilibrium association of phases, 
it cannot predict the products of the 
various thermal treatments which govern 
the solid state reactions in weld metal or 
in the base material affected by the weld¬ 
ing heat where equilibrium seldom exists. 

The results of grain refinement by 
recrystallization and those of grain growth 
at elevated temperatures are nicely illus¬ 
trated in the welding process. For 
example, the moderately coarse as-welded 
structures of weld deposits can be refined 
by a superimposed layer of weld metal 
which carries the temperature of the 
underlying bead just above the upper 
critical temperature or A 3 . The chilling 
action of the thermally conductive base 
metal prevents excessive temperatures and 
grain growth. However, in some weld 
zones the temperatures may reach values 
well above the A 3 limit, and grain growth 
results therefrom. 

Low-carbon steel base metals are 
generally of higher carbon content than 
the added weld metal, and, therefore, their 
recrystallization occurs at somewhat lower 
A 3 temperatures. Frequently the micro¬ 
structure of the heat-affected areas in a 
single weldment shows both an area of 
grain refinement and one of very evident 
growth. The thermal histories which are 
revealed by these structural modifica¬ 
tions are reflections of the heat effect of 
the welding technique and the heat balance 
as affected by the physical dimensions of 
the structure. 

Solid Solubility. —Among the elements 
common to steel, silicon and phosphorus 
are most soluble in alpha or delta ferrite 
and further its formation, while carbon, 
manganese and nitrogen have a higher 
solubility in austenite or gamma iron and 
extend the temperature range in which 
it can exist. The solubility differences 
of elements in the two phases are evident 
m commercial steels, by segregation and 
precipitation from solid solution. Of the 
elements mentioned, carbon is by far the 
most responsive to solubility differences. 


Manganese and silicon are usually not 
present in amounts which even approach 
their maximum solubility in the alpha or 
gamma phase. The usually restricted 
amounts of nitrogen and oxygen minimize 
the importance of their changes in solid 
solubility. Nevertheless, in low-carbon 
weld metals the contribution of the last 
two elements to the mechanical proper¬ 
ties may be more evident, as the carbon 
is less effective. 

Precipitation from Solid Solution .— 
Precipitation of carbon as iron carbide 
from austenite can be modified to give an 
extensive diversity of final structures. 
This may be accomplished by drastic 
quenching to preserve the austenitic or 
martensitic state, then tempering or regu¬ 
lating the austenite decomposition under 
isothermal time-temperature conditions. 
A less definite, but frequently the only 
expedient, method of attaining the desired 
constituent products is to control the rate 

cooling from the austenite range or the 
temperature. The addition of alloy 
elements also influences the stability of 
the austenite and may lower its rate of 
transformation and, if this is not too 
sluggish, increases the ease with which 
the transformation reactions can be con¬ 
sistently controlled. Since the kinetics 
of the transformation process is so impor¬ 
tant and involved, a separate section will 
be given to its consideration. 

The precipitation of elements of low 
concentration in steel such as nitrogen 
and oxygen does not show an abrupt 
solubility change at the phase transfor¬ 
mation temperatures. Both of these ele¬ 
ments, and carbon as well, show a minor 
solubility in alpha iron. This solubility 
decreases with only a moderate gradient 
as the temperature drops below the A,. 

I he relatively slow diffusion and coalesc¬ 
ing rate at these lower temperatures and 
the small concentrations involved result 
in a slow precipitation of wide scattering 
and often of submicroscopic size. By 
raising the temperature and increasing 
the time period, a coalescence of the pre¬ 
cipitated phase may be obtained to the 
point that microscopic identification is 
possible. 

Austenite Transformation in Plain Car¬ 
bon Steel. —The transformation products 
from the decomposition of austenite in 
plain carbon steel can vary widely in 
microstructure and in the mechanical 
properties that they confer on the steel 
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in accordance with the time rate of cool¬ 
ing from above the A 3 temperature and 
the dwell at any specific temperature. 
Rapid and drastic quenching procedures 
result in the formation of a hard, brittle 
microstructure known as martensite, and 
the tendency toward its formation in¬ 
creases strikingly with carbon content. 
It is to be noted that, in general, the 
greater the carbon content the greater 
the martensitic hardness which can be 
obtained after a drastic quench. The 
maximum hardness after a drastic quench 
depends upon the carbon content alone, 
as shown in Fig. 11. Alloying additions 
do not increase the maximum hardness. 
This behavior emphasizes the role of 
lower carbon in the composition of steels 
for welding. 



Fig. 11.—Influence of Carbon Content on 
Maximum Quench Hardness 


For most practical purposes, the aus¬ 
tenitic decomposition products of interest 
in industrial practices are martensite, 
pearlite, ferrite and c&mentite. Marten¬ 
site is generally accepted as a transitional 
product from the gamma-alpha transfor¬ 
mation. It has a tetragonal lattice and 
can be represented by a strained alpha 
ferrite supersaturated with carbide of 
ultramicroscopic fineness. Its microstruc- 
tural appearance is acicular or needle¬ 
like on the etched surface of polished 
specimens. (See Fig. 12.) It is hard 
and brittle to a degree dependent on the 
carbon content. 

On cooling from above the A 3 tempera¬ 
ture at progressively lower cooling rates, 
a limiting critical rate for martensite 
formation is reached, beyond which slower 
cooling permits the formation of pear¬ 


lite in its stead. The pearlite structure 
develops from a simultaneous precipi¬ 
tation of cementite, Fe 3 C, and ferrite in 
a lamellar and parallel array. The coarse¬ 
ness or the width of the carbide and 
ferrite lamellae increases with slower cool¬ 
ing rates. At more rapid rates, the sepa¬ 
rate constituents of this association are 
microscopically resolvable only under high 
magnification, so intimate is their as¬ 
sembly. 

Pearlite is a characteristic constituent 
in most non-austenitic base metals em¬ 
ployed in welding. At high magnifica¬ 
tions the appearance of the etched sur¬ 
face of polished specimens containing 
pearlite is that shown in Fig. 13. A 
pearlitic steel containing 0.83% carbon 
will be made up entirely of pearlite. 
Lower carbon pearlitic steels will contain 
ferritic and pearlitic areas with a dis¬ 
tribution depending upon the carbon con¬ 
tent. (See Fig. 14.) Low-carbon weld 
metals, however, contain a ferrite-carbide 
aggregate of related but dissimilar as¬ 
sembly suggesting local regions of finely 
spheroidized cementite but still in close 
aggregation (Fig. 15). 

Method of Heat Treatment .—Slow 
cooling from above the upper critical or 
A 3 temperature is known as full anneal¬ 
ing. This usually gives the ductile prop¬ 
erties characteristic of the presence of 
coarser pearlitic aggregates. A release 
of internal stresses from mechanical treat¬ 
ment or differential thermal expansion 
also accompanies annealing, since the ther¬ 
mal energy and necessary time for plastic 
readjustment of these stresses are afforded 
by this treatment. Normalizing or cool¬ 
ing in still air from above the upper criti¬ 
cal or A 3 temperature results in finer 
structures and improved toughness over 
those obtained by annealing. 

If rapid quenching to room temperature 
or normalizing is followed by a supple¬ 
mentary heat treatment under the lower 
critical or Ai temperature, modification 
of the martensite or quench structures can 
be accomplished. A heat treatment con¬ 
sisting of reheating to just below the Ai- 
temperature, holding for a period of time, 
followed by slow cooling to room tem¬ 
perature is known as process annealing or 
stress-relief annealing. This results in a 
microstructure in which the carbides tend 
to assume globular form within the ferri¬ 
tic matrix. If the holding is appreciably 
prolonged, the carbide particles coalesce 
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into larger globules. This longer treat¬ 
ment imparts the maximum softness to 
the structure and is known as spheroidi¬ 
cal ion. 

A reheating of quenched steels at tem¬ 
peratures under the Ai limit is known as 
tempering. The higher tempering tem¬ 
peratures permit nearly complete disso¬ 
ciation of the carbide and ferrite phase, 
while the lower temperatures produce 
more compact and nodular aggregations. 


stresses. Cooling from tempering tem¬ 
peratures may be conducted in air or 
other coolants. 

Isothermal Transformation 

The importance of the transformation 
rate of steel at any given (isothermal) 
temperature is that it provides a useful 
measure of relative rates of cooling or 
prolonging of postheat treatment required 
to prevent embrittlement. 
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Fig. 16.—Isothermal Transformation Diagram of a 0.35% C, 1.85% Mn Steel 


While all of these modification products 
from martensite are essentially aggregates 
of ferrite and cementite, there is an 
appreciable difference in their microscopic 
appearance. At relatively low tempering 
temperatures of about 400 °F. (204°C.), 
martensite prevails practically unmodified, 
and if any residual austenite should be 
retained from quenching, it is transformed 
to martensite by this treatment. 

To some extent, a longer time period 
of tempering at lower temperatures may 
correspond in effect to shorter periods at 
higher temperatures. However, the re¬ 
lationship is not strict. Both increased 
temperature and time of holding in this 
treatment help to eliminate internal 


Austenite decomposition is furthered by 
decreasing the cooling rate from above 
the upper critical temperature or by sub¬ 
jecting the retained austenite in high- 
carbon or medium-alloy steels to an iso¬ 
thermal heat treatment below the lower 
critical temperature range. Studies of the 
progression of this decomposition with 
time at various temperatures show that 
the relationship is not continuously pro¬ 
portional to temperature, but changes in 
accordance with a transformation curve 
for each steel. Figure 16 shows the trans¬ 
formation rates for a steel containing 
0.35% carbon and 1.85% manganese. 
Examination reveals that the most rapid 
transformation occurs at just below 
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800'F. (430°C.), while just below 1400' 
F. (760°C.) the time required for com¬ 
plete transformation is quite prolonged. 
If the isothermal transformation of steel 
is conducted near but below the Ai tem¬ 
perature, the first product is ferrite, 
followed by a coarsely lamellar pearlite. 
At progressively lower temperatures this 
product becomes a finer and more nodu¬ 
lar pearlite. At a still lower temperature, 
depending upon the carbon content, acicu- 
lar martensite appears. The martensite 
formation is a function of temperature, 
not time. The percentage of martensite 
which forms will increase only as the 
temperature is lowered, with no measur¬ 
able time lag. An intermediate product 
of somewhat similar appearance and of 
high hardness, but with less brittleness 
than martensite, can be obtained by iso¬ 
thermal treatment within 650 to 750°F. 
(340 to 400 C.). This is known as 
bairnte (Fig. 17). 


formation for comparing this process in 
different steels. Since the time to reach 
completion after the initiation has been 
found to vary with the microhetero¬ 
geneity, this period may differ. In the 
welding of alloy steels the isothermal 
tranformation curve which has been deter¬ 
mined for many typical steels serves as 
a guide for proper preheat and postheat 
temperatures. It is to be noted that 
continuous cooling will modify slightly 
the standard isothermal transformation 
curves. 

Change from Ductile to Brittle 

Fracture 

A test which has received a great deal 
of practical application as a quality cri¬ 
terion is the impact notched-bar bend test. 
I he notched bend test is generally carried 
out with a square bar (0.394 in. by 
0.394 in.) notched on one side with a vee 
notch of 0.01-in. radius to a depth of 



(a) 100% transformed 480°F. 1000 X (b) 50% transformed 800°F. 

Fig. 17.—Typical Microstructure of Bainito in NE 8620 Steel 
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1 he time required 
compositon to begin 
period necessary for 


for austenitic de- 
is regarded as the 
nucleation. Some 


investigators have chosen the time re¬ 
quired to complete one-half of the trans- 


0.0/<> in. or with a keyhole type of notch 
with a radius of about 0.04 inch. The 
specimen is generally broken with a blow 
of a pendulum traveling at about 16 ft 
per second. 1 he pendulum strikes the 
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specimen, supported on an anvil, on the 
side opposite the notch. The notch simply 
acts to concentrate the stress at its base. 
In notched bar impact tests, usually the 
energy required to break the specimen is 
measured, although frequently the appear¬ 
ance of the fracture gives significant 
information. 

The variation of impact energy with 
temperature for pearlitic steels generally 
has the form shown in Fig. 18. There 
is a range of temperature in which the 
impact energy suddenly decreases. The 
type of fracture changes from a fibrous 
to a bright crystalline one. This tran¬ 
sition from ductile to brittle failure 
generally occurs in the range of tempera¬ 
ture from +210 to — 150°F. ( + 100 to 
—100 °C.). Variations in the fineness 
of the pearlite, the amount of proeutectoid 
ferrite and the degree of tempering, as 
well as steel quality, will affect the transi¬ 
tion temperature within this range. 



Fig. 18.—Typical Relation Between Testing 
Temperature and Vee-Notched Charpy Impact 
Resistance 


Transformation at higher temperature, 
with a coarser pearlite will, in general, 
decrease the ductile impact energy and 
raise the transition temperature. Steels 
made by different processes and having 
different distributions of inclusions will 
show different impact energies above the 
transition zone. The transition zone it¬ 


self will also be significantly affected by 
differences in steelmaking practice. Cold 
deformation, either in tension or com¬ 
pression, will raise the transition tempera¬ 
ture. 

The effect of specimen size has been dis¬ 
cussed in relation to notched bend tests. 
If a specimen is sufficiently wide with 
respect to the radius of the notch, differ¬ 
ences in energy absorption may arise due 
to differences in strain rate at the base 
of the forming crack. However, recent 
tests on very wide plates indicate that 
the transition zone for these plates is 
not much higher than the transition zone 
observed in vee-notched Charpy specimens 
of the same material. It seems to be 
quite evident that the transition from 
ductile to brittle behavior can be observed 
using almost any type of specimen. The 
information can be at least qualitatively 
interpreted, provided the conditions of 
test are thoroughly understood. The 
three most important elements tending 
to produce a brittle type of fracture are 
reduced temperature, increased rate of 
loading and increased restraint. Gener¬ 
ally, the temperature at which there 
is a transition from ductile to brittle 
fracture in unwelded plate is raised by 
welding. 

MATERIALS 

General 

Base metals to be welded are limited 
for practical reasons to the compositions 
and forms which are amenable to com¬ 
mercial fabrication without appreciable 
defects. Their weldments should also 
possess mechanical properties permitting 
an acceptable construction according to 
engineering standards. Codes and speci¬ 
fications have been established which re¬ 
strict the carbon and other hardening ele¬ 
ments to insure weldability. This does 
not imply the inapplicability of steels out¬ 
side the codes, but indicates their limita¬ 
tions to certain purposes and the neces¬ 
sity of special precautions during the 
welding. 

Usually plain carbon steels utilized in 
conventional applications are limited to 
under 0.30% carbon when they are to be 
welded with ordinary practices. Man¬ 
ganese and silicon contents should be 
within such limits as to assure a satis¬ 
factory practice of steel manufacture, 
particularly in respect to deoxidation. A 
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limitation of these elements may be neces¬ 
sary to reduce contribution to any em¬ 
brittlement in conjunction with other 
elements. Phosphorus and sulfur are 
held to the accepted maximum established 
for the method of steel manufacture 
which is employed. Other elements are 
restricted to insure a uniformity of prod¬ 
uct and an avoidance of unforeseen diffi¬ 
culties in fabrication. Often the composi¬ 
tion is limited by a specification of the 
mechanical properties of the steel. 

Weld Metal Composition .—Weld metal 
consists of fused base metal or a com¬ 
bination of base metal and filler metal 
and varies with the welding process used. 
Weld metal that is 100% base metal is 
encountered in welds in which no filler 
metal was added, as in resistance weld¬ 
ing, welds in edge joints made by gas, 
pressure gas, inert-gas or carbon-arc 
welding. Weld metal that is primarily 
filler inctal is encountered in groove 
welds made by arc and gas welding or in 
multiple-pass fillet welds. Weld metal 
that consists of both base and filler metal 
is encountered in single-pass welds and 
in welds made by the submerged arc 
process and the deep fillet technique. 

biller metal, to be added in the molten 
form to complete a weld junction, is gen¬ 
erally used in wire or rod shapes. The 
chemical composition of the metal used 
in welding rods and electrodes is usually 
not specified, except for general type, 
since normal analysis alone does not in¬ 
dicate their welding properties. The only 
real criteria of satisfactory performance 
of welding rods and electrodes are the 
results of the actual welding operation 
and the mechanical properties of the de¬ 
posited metal individually and as a part 
of the structure. The composition of the 
filler metal should approach that of the 
base materials where it is desired to avoid 
any great discontinuity in physical or 
chemical characteristics. The composi 
bon of the welding rod or electrode 
is based on expected losses or pickup 
of elements during the welding opera¬ 
tion and upon good welding characteris¬ 
tics. The high temperatures encountered 
in welding have a great influence upon 
the welding characteristics of the filler 
metal it there is any appreciable devia¬ 
tion from the optimum composition estab- 
lished by experience. Electrodes are 
coated with slag-forming materials. 

1 hesc will reduce losses by atmospheric 


oxidation or pickup of oxygen and 
nitrogen, and assure more consistent 
weld metal properties. Electrode coat¬ 
ings are also desirable to obtain better 
arc characteristics for welding. Rods for 
gas welding and those arc welding proc¬ 
esses for which they are used are usually 
uncoated but are protected during weld¬ 
ing by the welding atmosphere. 

Effect of Attnosphcre on Molten State 
Reactions .—During the welding process 
the molten metal may react with some of 
the constituents of the surrounding at¬ 
mosphere, such as oxygen, nitrogen, hy¬ 
drogen or the gaseous compounds of these 
elements with carbon. In bare metal 
electrodes and welding rods the reaction 
is direct, but in coated or submerged elec¬ 
trodes the slag is an intermediary during 
all or part of the molten state periods. 
Gas shielding using an inert gas is also 
used to protect the molten metal. 

Oxygen .—Oxygen in the presence of 
molten iron tends to form the ferrous 
oxide. FeO. Ferric oxides do not exist 
at elevated temperatures in the pres¬ 
ence of liquid iron. Sources of oxygen 
are the surrounding air, oxides from the 
coating which are free to react with the 
molten steel or the dissociation of water 
present in the air or coating. Bare elec¬ 
trodes may show a little over 0.2% oxy¬ 
gen in the final weld deposit, but of this 
amount probably less than 0.05% will re¬ 
main in solid solution at room tempera¬ 
ture, the rest being in oxide inclusions. 
Coated electrodes show much less pickup 
of oxygen, while in gas welds the final 
content may be as low as 0.01%. At 
the melting point, iron covered with fer¬ 
rous oxide has a maximum oxygen solu¬ 
bility of about 1%. If oxygen-avid ele¬ 
ments, such as titanium, aluminum or 
silicon, are introduced into the molten 
weld metal, then stable oxides arc formed 
which are not readily reduced by carbon, 
and the porosity formed during weld 
metal solidification from carbon oxida¬ 
tion, with the resulting liberation of car¬ 
bon monoxide gas, is materially reduced. 
The melting temperatures, viscosities and 
solubilities of these oxide products may re¬ 
strict or regulate the use of such deoxi 
dizers in welding operations. Relatively 
refractory oxides such as aluminum, for 
example, persist as uncoalesced and un¬ 
desirable inclusions in the final weld 
metal 

Carbonaceous Gases .—Carbon monox- 
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ide and some hydrocarbon gases are car¬ 
bonizing with respect to molten steel, 
while carbon dioxide and steam are oxi¬ 
dizing. These two opposite effects may 
practically neutralize each other at a 
balanced proportion for each tempera¬ 
ture. Hydrocarbons and water may be 
derived from cellulose or other organic 
ingredients included in electrode coatings, 
while their oxidation supplies the oxides 
of carbon CO and CO 2 . In oxy-acetylene 
welding, the oxidizing and reducing gases 
in the flame may be controlled by proper 
proportioning. 

Reducing or non-reactiye gases lower 
the surface tension of molten weld metal, 
presumably by preventing the formation 
of thin but refractory oxide films. By 
their expansion and convection, liberated 
gases, particularly those of high thermal 
conductivity, convey heat away from the 
arc or other source of welding heat and 
prevent overheating of the molten metal. 
This may help to eliminate porosity. 
Some heat can also be absorbed by the 
dissociation of polyatomic gases such as 
hydrogen, but their recombination in 
cooler zones around the weld may nullify 
this effect. Rapid gas formation within 
the molten metal globule, which usually 
accompanies excessive oxidation, results 
in high spatter loss because of the vio¬ 
lence of its liberation. 

Nitrogen .—Nitrogen absorption in 
molten metal can occur on contact with 
air, and it is one of the major functions 
of coating slags to prevent its assimila¬ 
tion. Protective gas atmospheres from 
gas welding or from organic material in 
electrode coatings also contribute to this 
effect. Weld grooves, wide in propor¬ 
tion to welding rod or electrode size may 
allow greater nitrogen absorption, since 
the protection by a gaseous envelope is 
less easily maintained. 

As all commercial steels contain some 
nitrogen, the amount in the weld metal is 
that in the commercial steel plus the 
changes due to the welding. In liquid 
iron or steel, nitrogen concentrations 
above some 0.04% may be present under 
equilibrium conditions. Nitrogen up to 
0.2% has been observed in bare electrode 
deposited metal. The more rapid the 
cooling rate of the molten metal, the 
higher the final nitrogen content. 
Covered electrodes usually produce weld 
metal having a nitrogen content under 
0.035%. This value has been established 


as a maximum for consistent weld metal 
properties. 

Evidence has been offered indicating 
that nitrogen absorption is increased by 
an increase in arc length or in the size 
of the electrode used. It is apparent that 
the rate of absorption is dependent on 
dissociation of molecular nitrogen to the 
atomic form within the arc gap, and any 
circumstance that affects the arc opera¬ 
tion is a controlling factor. 

Aluminum, silicon and chromium are 
believed to aid in the assimilation of 
nitrogen in steel. Manganese may in¬ 
crease the solubility, but in concentrations 
characteristic of industrial steels no defi¬ 
nite influence can be traced. The final 
content of nitrogen depends upon its 
introduction into the molten weld metal, 
since upon cooling there is insufficient 
time for a strict iron-nitrogen solubility 
equilibrium to be attained. The amount 
of nitrogen in weld metal has been found 
to decrease with increase in carbon, pos¬ 
sibly through gaseous shielding or the 
sweeping-out action of carbon monoxide 
evolution. 

Inert Gases .—Inert gases are not ab¬ 
sorbed to any extent by molten metal and 
have little effect on the resulting weld. 
However, they do have a very definite 
usefulness in welding as a shielding me¬ 
dium, that is, the exclusion of chemically 
active gases from contact with the molten 
metal. Inert-gas atmospheres also have 
considerable effect on the electrical be¬ 
havior of the welding arc. Doan has 
shown that in atmospheres of the rela¬ 
tively inert gases, such as argon and 
helium, high voltages are necessary in 
order to sustain the arc, there are no 
pinch effects to aid the detachment of 
molten globules from the end of the 
electrode, and no craters are formed in 
the weld pool. However, the addition 
of a small amount of oxygen to an other¬ 
wise pure inert gas allows the formation 
of a crater and, consequently, detaches 
the liquid metal in a succession of small 
droplets rather than in large globules. 

Hydrogen .—Molten metal generally can, 
and often does, absorb up to 0.005% (by 
weight) of hydrogen. The absorption of 
hydrogen occurs atomically. The atomic 
form may be obtained by the dissociation 
of water vapor, hydrocarbons or molecular 
hydrogen by the welding heat or in the 
electric arc. Hydrogen retained in solu¬ 
tion in weld metal may cause localized em- 
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brittlement around inclusions or defects 
in low- or medium-strength metals and 
severe general embrittlement in very high- 
strength welds. Hydrogen diffuses from 
the weld metal into the heat-affected zone 
of the base metal during the welding 
and cooling period. If the hardenability 
of the base metal and the rate of cooling 
of the weld produce a fully hardened 
heat-affected zone, cracks may occur in 
this zone. The amount of hydrogen re¬ 
tained in weld metal is controlled by 
solubility limits and by the reactions 
liberating gaseous products. Hydrogen 
diffuses into gas bubbles formed by these 
reactions, and the retained hydrogen in 
solution is thus decreased. Porosity, 
caused by the trapping of gas bubbles in 
the solidified weld metal, is normally con¬ 
trolled by the relative contents of hydro¬ 
gen, oxygen, carbon and silicon. Reac¬ 
tions of hydrogen with sulfur and sele¬ 
nium in free-machining steels are also 
known to cause porosity. (See also sec¬ 
tion on page 106.) 

Weld Metal Cracking .—The majority 
of cracks that have been reported in 
weld metal appear to be of a type similar 
to hot tears in castings. The cracks 
occur in the early stages of cooling of 
a single bead and are called auto-cracks. 
Auto-cracks are usually parallel to the 
direction of welding and. in general, the 
cracks occur through the thinnest section 
of the weld. The surfaces of auto-cracks 
are blued if the cracks extend to the 
outer surface of the weld. They form at 
elevated temperatures shortly after solidi¬ 
fication of the weld metal. In concave 
fillet welds, the cracks start at the outer 
surface of the throat, but in convex fillets, 
they may start at the root and not reach 

the surface, thus escaping visual inspec¬ 
tion. 

Most investigators attribute auto-crack- 
mg to low ductility and strength at high 
temperatures, the weld metal being 
weaker and less ductile than the cooler 
base metal. The greater the rigidity of 
the plates (thickness, tensile strength, 
clamping) the more frequently auto- 
cracking occurs, for the weld must un¬ 
dergo greater deformation. 

1 he composition of weld metal is be- 
uved to have the following effects on 

auto-cracking. 


Carbon: An increase in carbon content 
! s known to result in a decrease in 
hot tearing in cast steel. However, in¬ 


crease in carbon in highly killed weld 
metal slightly increases the cracking tend¬ 
ency in tee joint tests. This observation, 
together with the fact that hot peening 
and preheat are effective in preventing the 
cracks in higher carbon steel deposits 
suggests that auto-cracking is not in¬ 
volved. Instead, they may be cold cracks 
related to the inability of the hard weld 
metal to undergo the required deforma¬ 
tion under shrinkage stresses acting in 
more than one direction. 

Silicon : Harmful effects of silicon have 
been observed in the presence of insuffi¬ 
cient manganese in weld metal containing 
0.22-0.28% carbon. 

Manganese: The manganese content of 
weld metal of itself bears no relation to 
auto-cracking in the range 0.01-1.0% 
manganese. Nevertheless, manganese is 
reported as being of importance in off¬ 
setting the effects of sulfur on auto¬ 
cracking. 

Sulfur: Whether or not sulfur in weld 
metal promotes auto-cracking depends on 
the form in which it is combined. Sulfur 
present as FeS will form a eutectic that 
does not solidify until 1805°F., hence pro¬ 
moting auto-cracking. Weld metal in 
which practically the entire sulfur content 
is combined as MnS is not subject to 
auto-cracking, unless other additions are 
made which affect the solubility of MnS 
in steel, or provide other phases of low 
melting point. 

Phosphorus: Little, if any, effect on 
auto-cracking has been observed due to 
phosphorus. 

Oxygen: No direct relation has been 
found between auto-cracking and oxygen 
content. 

Inclusions: Auto-cracking frequently 
occurs in regions contaminated with slag, 
while slag-free areas are free of cracks. 

Weld Metal Cracking 1'csts .—The Le¬ 
high restrained cracking specimen was de¬ 
veloped for comparing quantitatively the 
degree of restraint at which cracking 
occurs in welds during cooling. The 
test has been shown to be reproducible, 
and the specimen sensitive to changes in 
electrode type and brand, plate composi¬ 
tion and preheat temperature. The fin- 
type specimen shown in Fig. 19 is capable 
ol developing sufficient restraint to crack 
even mild steel plate V 2 -in. thick and 
by means of varying the width (distance 
between the ends of the weakening slots 
and the cut in the bottom of the U- 
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groove) in a series of specimens, the de¬ 
gree of restraint can be reduced continu¬ 
ously down to low levels. The width 
which exists at the threshold of cracking 
is taken as the index of crack sensitivity. 
The threshold of cracking is defined as 
that width at which the weld is just 
cracked and below which the weld is 
sound. 

The only measurement undertaken in 
this test was the inward movement of the 
plate surrounding the weld groove aris¬ 
ing from the weld metal contraction. 


Carbon and Low-Alloy Steels 

In general, from the information which 
is available at the present time, the effect 
of welding on wrought, forged or cast 
steels can be considered similar, provided 
compositions are comparable. The effects 
of welding upon the base metal can be ex¬ 
plained almost entirely in the light of well- 
known metallurgical phenomena. In order 
to explain further the effects of the weld¬ 
ing process, the following section de¬ 
scribes the metallurgical and physical con- 
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Fig. 19.—Lehigh Fin-Type Cracking Test Specimen 


When it was found that the contraction 
was fairly uniform and quite consistent 
along the full length of the weld, the con¬ 
tractions were measured at the mid-length 
of the weld only, using Ames dial gages 
mounted on pins on the top and bottom 
sides of the plate. The dial gages, in 
addition to providing the contraction 
measurements, were found to provide 
almost as sensitive a method of crack 
detection as cross sectioning and micro¬ 
examination. Thus, the fin-type restraint 
specimen provides a useful test to indicate 
that changes in electrode, steel composi¬ 
tion and preheat temperature result in 
significant, quantitative, and predictable 
variations in cracking tendency. One dis¬ 
advantage of this test that might be 
pointed out is the need for a series of 
specimens in order to determine the 
threshold of cracking for a given plate ma¬ 
terial, welding electrode and preheat tem¬ 
perature. 


ditions of a simple bead weld. It is not 
suggested that a bead weld is a typical 
weld, although it is in many respects 
very similar to a single-pass fillet weld. 
The bead weld has had extensive use in 
testing for weldability and is particu¬ 
larly suitable as it lends itself to definite 
standardization, permitting variables to be 
reduced to a minimum. 

The Dead Weld .—In order that the 
nomenclature will be understood through¬ 
out, the following comments are made 
regarding a cross section taken transverse 
to a bead weld. The bead weld cross sec¬ 
tion is divided into three areas: the plate 
material or base metal, the heat-affected 
zone and the weld metal. Plate material 
refers to the metal that remains unaffected 
by the weld thermal cycle. The heat- 
affected zone is that area of the plate ma¬ 
terial which has been heated by the weld¬ 
ing process to temperatures sufficiently 
high to change the original microstructure 
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and properties of the material. The weld 
metal is that area which has been molten 
and consists of electrode material which 
has been deposited and plate material 
which has been melted during welding. 
The term penetration, when used alone, 
refers to the depth below the original 
surface of the plate material that has been 
molten. The boundary between the weld 
metal and the original plate material is 
referred to as the fusion line. 

Any welding procedure will necessarily 
produce conditions in the base metal com¬ 
parable to both good and bad heat-treating 
practice. At the fusion line, the metal has 
been heated to the melting point and 
rapidly cooled through the austenitic 
range by the surrounding mass of metal. 
The final structure will be dependent upon 
the composition of the steel and the rate 
of cooling. The very coarse structure 
just below the fusion line is a condition 
typical of overheated steel which has been 
heated close to its melting temperature, 
commonly called superheated steel. The 
degree of grain growth associated with 
welding is the result of the steel having 
been heated well in excess of the A 3 tem¬ 
perature. 

In the area which has reached a maxi¬ 
mum temperature below the A* tempera¬ 
ture and above the Ai temperature, aus¬ 
tenite begins to form, which in turn is 
transformed during the cooling cycle, 
for temperatures just below the A, trans¬ 
formation the carbide-rich areas tend to 
coalesce into spheroidal particles. Trans¬ 
formations and attendant metallurgical 
changes require a definite amount of time 
but are hastened by increased tempera¬ 
tures. Lower carbon and lower alloy con¬ 
tents will tend to permit the changes to 
take place in shorter intervals of time. 
I he effects of higher carbon and alloy 
contents are to increase the sluggishness 
of transformations and to decrease the 
critical rate of cooling. 

In a study of the grain size which re¬ 
sults in the coarsened area of the heat- 
affected zone (big. 20L considerable vari¬ 
ation will be found in the behavior of 
various materials. The grain coarsening 
will depend upon the temperature and 
length of time at temperature which in 
turn depends upon the thickness of ma- 
tcrjal and welding technique employed. 
I he presence of grain refining additions 
suc h as vanadium and titanium will, in 
general, restrain the grain growth in the 


coarsened area. To complicate matters, 
the grain size under the bead varies from 
one location to another and, at the same 
time, variations in grain size will be 
found to influence the mechanical prop¬ 
erties of the heat-affected zone. Some 
attention has been given to the differences 
in the width of the heat-affected zone; 



too x 

Fig. 20—Coarse Grain in Heat - Affected Zone 
Adjacent to Deposited Weld Metal 


a narrow, hard zone cushioned by softer 
zones is not so critical as a wider zone of 
somewhat lower hardness. As the heat- 
affected zone may act as a notch, con¬ 
sideration of the transition temperature 
behavior of a steel having a bead or 
fillet weld becomes important since the 
transition from ductile to cleavage-type 
fracture is dependent upon the degree of 
stress concentration. 

liftect of Multiple Passes .—The above 
description relates to a single-pass fillet 
weld or bead weld. The metallurgical 
effects will be modified in heavier joints 
in which multiple beads or passes are 
deposited in a groove in order to increase 
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the weld volume to the full thickness of 
the base metal. Here, however, the first 
pass or bead is essentially a single bead, 
and its metallurgical effect will be identi¬ 
cal with that described above. Additional 
beads or passes deposited before the plate 
has cooled to room temperature will be 
accompanied by less drastic thermal 
changes. If the plate is allowed to cool to 
room temperature before the second pass 
is deposited, the thermal cycle will again 
be almost identical with the previous con¬ 
dition. This thermal cycle will have its 
influence on the previous structure, since 
reheating will temper or reharden the 
structure, depending upon the temperature 
attained. An attempt is often made to de¬ 
posit each layer in such a thickness that 
the grain structure of the previous pass 
will be largely refined. Often the final 
layer will consist of three beads, the first 
two being deposited along the scarves, and 
the third bead between these two. In this 
manner, the zones of highest hardness in 
the plate will be tempered to a lower 
hardness with improved ductility. 

Evaluation of Effect of Welding on 
Base Metal .—The welding engineer is 
constantly confronted with the problem of 
not only selecting materials but also 
determining the proper welding methods 
and techniques to fabricate the materials 
into a suitable structure. Weldability 
tests are required in any program to 
develop or select weldable material or 
to determine optimum methods and tech¬ 
niques for welding operations. The de¬ 
velopment of tests for measuring the rela¬ 
tive weldability of a steel has been the 
subject of extensive investigation. The 
factors which must be considered in the 
design or selection of weldability tests 
are numerous. The specimens should not 
be complicated in design, and it is desir¬ 
able that a minimum amount of machine 
work be required. Test methods should 
be reproducible and have sufficient sen¬ 
sitivity so that the effect of changes in 
welding technique may be detected. Tests 
should also distinguish between the dif¬ 
ferences in the weldability of similar 
materials and be adaptable to studies 
including variations in thickness of the 
material. Finally, tests should be de¬ 
signed to approach the service require¬ 
ments of the structure so far as rigidity, 
rate of loading and temperature are con¬ 
cerned. 

Any welding procedure is complicated 


by a large number of variables, such as 
energy input, preheat and postheat tem¬ 
peratures, electrode type and diameter, 
chemical composition and mechanical 
properties of the base metal, welding se¬ 
quence, joint design and constraint of 
the structure. In an attempt to simplify 
laboratory procedures, investigators 
usually consider only one or two of the 
variables at a time. This has brought 
about considerable confusion in the inter¬ 
pretation of weldability testing since each 
proponent of a test interprets his results 
in the light of the variables which he has 
used in his investigation. In the com¬ 
parison of tests, many of the methods of 
evaluating weldability will rate materials 
or procedures qualitatively in the same 
order—a quantitative evaluation is much 
more difficult. 

Another consideration, that is para¬ 
mount in testing for weldability, is the 
fact that most tests are laboratory tests 
from which it is desired to predict the 
performance of a material or process in 
a large structure. The relationship of 
small-scale laboratory tests to perfor¬ 
mance in the field structure, however, 
has not been quantitatively established. 
Only recently, testing temperature, de¬ 
gree of constraint and rate of loading 
have been associated with the transition 
from ductile to brittle or cleavage-type 
fracture. It now appears that these 
factors will aid in establishing a quantita¬ 
tive relationship between large-scale and 
smaller-scale laboratory tests. 

Broadly speaking, a test for weldabil¬ 
ity consists of subjecting the material to 
the temperature cycle involved in the 
welding process and then evaluating the 
ductility of the resulting structures. The 
thermal cycle may be that obtained by an 
actual welding operation, or the effect of 
welding temperatures may be simulated 
by subjecting test samples to special 
heat-treatment routines. 

The technical literature reveals that 
there are over fifty different specimens 
which have been used to evaluate some 
of the characteristics of weldments. 
These tests fall into four major cate¬ 
gories: (1) weld metal tests, (2) ten¬ 
sion tests of joints, (3) bend tests and 
(4) fatigue tests. There are those tests 
that measure directly the effect of weld¬ 
ing on the ductility of a steel, and also 
those that observe a change in some prop¬ 
erty, such as the maximum hardness 
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of the heat-affected zone, and assume a 
direct correlation between this change 
and the resultant ductility. 



Fig. 21.—Section of Bead Weld Showing 

Vickers Hardness Survey 


The early tests for evaluating the suita¬ 
bility of a particular welding process for 
joining a particular type of material 
usually consisted of making a sample 
joint. The ductility of the resulting joint 
was then measured by tensile testing or 
bending. Such testing is still used in 
many applications for procedure qualifi¬ 
cation, and the performance often depends 
upon the skill of the operator as much as 
upon the suitability of the procedure. 

1 he hardness developed in the heat- 
affected zone contiguous to a weld de¬ 
posit has attracted considerable attention. 
Usually, the hardness of a transverse 


section of the heat-affected zone is ex¬ 
plored by means of an instrument such 
as the Vickers, Knoop or Eberbach hard¬ 
ness tester. Several investigators have 
obtained considerable data from this 
simple test, and it is almost universally 
used in conjunction with any other tests 
that may be performed (Fig. 21). The 
maximum hardness method has always 
found wide use, since a hardness survey 
requires a minimum of initial specimen 
preparation, and, similar to microscopic 
examination, imposes no limitation on 
welding technique and thickness of ma¬ 
terial. Its success, however, depends en¬ 
tirely upon the assumption that there is 
a satisfactory correlation between maxi¬ 
mum hardness and ductility (Fig. 22). 

In many studies, in order to obtain 
additional information regarding the heat- 
affected zone, microscopic examinations 
were made of structures resulting from 
the welding thermal cycle, on the assump¬ 
tion that ductility could be predicted 
from a careful evaluation of these struc¬ 
tures. In general, such an evaluation for 
steels covering a wide range of welda¬ 
bility is not difficult, but specific, quanti¬ 
tative interpretation of results for steels 
over a narrow range of weldability is 
almost impossible. However, a micro¬ 
scopic examination of the cross section of 
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a weld accomplishes the following pur¬ 
poses: (1) it discloses both the quality 
and structure of the weld metal deposit 
and the metallurgical structure of the 
heat-affected zone, which enables the 
metallurgist to evaluate the cooling rate; 
(2) it provides a means of detecting mi¬ 
crocracks; and (3) it permits the de¬ 
tection of segregation, laminations and 
inclusions in the steel. Such observa¬ 
tions furnish pertinent information in any 
weldability study. Again, as in the use 
of the maximum hardness test, a micro¬ 
scopic examination must be made in con¬ 
junction with some other weldability test 
in examining steels over a narrow range 
of weldability. 

Studies of the thermal conditions and 
the metallurgical effects at the rates of 
cooling in the welding heat-treatment 
cycle, have been frequently suggested. 
These data, together with the accepted 
views of metallurgical changes, may be 
used to predict the resulting ductility. 
Considerable attention has been given to 
the possibility of the application of iso¬ 
thermal and continuous cooling transfor¬ 
mation studies. In all cases, an attempt 
has been made to evaluate the change in 
ductility of structures resulting from the 
heat treatment of the steel by the welding- 
thermal cycle. A number of investiga¬ 
tors have been interested in the use of 
the temperature relationships in the heat- 
affected zone and their metallurgical 
effects as a means for evaluating weld¬ 
ability. A born has pointed out that the 
properties of the heat-affected zone are 
the result of structural changes which are 
determined at any point by the maximum 
temperature, the length of time at that 
temperature and, more particularly, by 
the subsequent rate of cooling at that 
point, for this rate, if too great, will 
produce a zone of undesirable structure. 

Hodell and Bruce developed formulas 
which were used to predict and control 
temperatures in the welding of an oil-well 
casing. An experimental program was 
carried out to measure the actual tempera¬ 
tures of cooling welds in the casing, and 
a close agreement was found between the 
analytical and experimental cooling 
curves. Hess, Merrill, Nippes and Bunk 
undertook the measurement of actual 
cooling rates in the heat-affected zone of 
single-vee groove welds. These data 
were used to modify fundamental mathe¬ 
matical solutions, and tables were pre- 


. . ^ energy in joules per 

inch required to produce any desired cool- 






for plate temperatures ranging from 
37°F. (3°C.) to 400°F. (204°C.) and 

for plate thicknesses of 7,, 1 and 17, 
inches. 

A number of tests have been suggested 
in which special heat-treatment techniques 
are used in an attempt to produce speci¬ 
mens with microstructures similar to 
those observed in the heat-affected zone. 

One of the widely used direct tests for 
evaluating weldability is the tee-bend test 
sponsored by Bibber and described by 
Ellinger, Bissell, and Williams. A 
double fillet welded tee joint (Fig. 23) 
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Fig, 23.—Tee-Bend Test Specimen 


is tested as a guided bend specimen with¬ 
out removing any metal from the face of 
the weld. A special jig (Fig. 24) is 
used for bending the specimens, and the 
angle of the head of the tee at maximum 
load is recorded, together with the load 
and type of fracture at failure. Bibber 
and Hueschkel have suggested that the 
measurement of the energy absorbed in 
the bending is an additional index. It is 
interesting to note that the tee-bend test 
was the first test to differentiate between 
high-strength and low-strength steels. 
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This was also the first of the bend tests 
requiring consideration of mode of failure, 
that is, ductile or brittle. It was felt 
that those steels which failed with a 
brittle fracture were less desirable for a 
welded structure, even though the angle 
at maximum load was satisfactory. The 
early investigators showed that the tem¬ 
perature of testing had an important 
effect on the angle of bend and mode of 
failure. It was felt that the tee-bend test 
integrated in the performance of a welded 
joint, the quality of the base metal and the 
effect of the welding. There was no pro¬ 
cedure for comparing babe metal and 
welded specimens. Usually, this testing 


the test were employed: the measurement 
of the angle at which cracking first prop¬ 
agated into the base metal, and the 
classification of the type of fracture either 
as a sudden fracture without appreciable 
previous deformation or as a gradual 
fracture after the development of a con¬ 
siderable degree of bending. In the early 
work of Kommerell and Bierett, the stipu¬ 
lation of a determinate bending angle was 
rejected, and it was required simply that 
the longitudinal, bead weld specimen 
should not exhibit any signs of brittle 
iracture. The test was generally con¬ 
sidered extremely severe but, nevertheless, 
useful in evaluaiing the sensitivity of a 



Fig. 24—Tee-Bend Test Jig 


procedure is applied to comparatively low- 
hardcnability structural steels, such as 
used in ship construction. However, 
dicre lias been at least one attempt to 
a Pply the test to materials with higher 
hardenability, such as steels used in air¬ 
craft construction. 

Kommerell anil Bierett suggested an 
unnotched, longitudinal, bead weld speci- 
uten for determining the weldability of 
a manganese structural steel. The speci¬ 
men, larger than those subsequently used 
by American investigators, was tested 
statically in a bending jig with the weld 
1,1 tension. 1 wo methods of evaluating 
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was experienced in selecting an index 
w hich would be agreed upon as a guide 
to weldability. A recently reported inves¬ 
tigation by Graft, using the above test, 
states: "As a specification test for 2-in. 
wide flange steel in the steel mill, it is 
recommended that a bend angle of at 
least 50 deg., better 60 deg., must be 
reached without fracture.” 

American investigators have found the 
longitudinal head weld, slow bend test to 
he probably the simplest and most flex¬ 
ible of all ductility tests in lighter-gage, 
high-strength materials, such as aircraft 
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steels. However, the success of the test 
in low-carbon steels is confined to the 
heavier gages. A modification of the 
longitudinal bead weld specimen, gaining 
popularity in this country, comprises the 
use of a notch across the welded area, and 
more will be said later in this section 
relative to the application of the test in 
studying the effects of welding on steels. 

Cornelius and Fashsel developed a 
notch-bend specimen comprising a trans¬ 
verse bead weld with a parallel notch 
machined so that its apex touched the 
fusion line. The specimen was bent 
around a pin until the first appearance of 
a crack at the root of the notch. The 
angle of bend at failure was considered 
to provide a measure of the ability of the 
material in the heat-affected zone to 
undergo plastic deformation. This speci¬ 
men has been modified by various investi¬ 
gators, in an attempt to develop a test 
method in which the effect of welding on 
the behavior of the plate material can he 
compared with that of the unwelded plate 
fhe slow-bend test is applicable to any 
thickness of steel plate, and the welding 
technique may be varied to suit practical 
limitations. It has been modified in a 
number of ways, including dimensions of 
the test specimen and the type of notch. 
Luther, et al„ presented the results of an 
investigation of the effect of welding on 
the temperature at which a change from 
ductile to brittle failure occurred. It 
was found that for a number of steels 
the temperature at which there was a 
transition from a ductile to brittle type 

of fracture in the unwelded plate was 
raised by welding. 

One of the most intensive researches 
on steel weldability has been that con¬ 
cerning hard or undcrhcad cracking in 
the heat-affected zone of base metals in 
metal-arc welds. A number of test meth¬ 
ods have been proposed for determining 
the underbead cracking tendency for a 
particular steel. Most of these have been 
more or less qualitative since wide varia¬ 
tions usually cannot be avoided in the 
results. 

Swinden and Reeve showed that, if 
severe restraint is imposed upon a welded 
joint in a low-alloy steel, cracking may 
result in the hardened zone. In addition, 
they described a restrained welded test 
piece which could be used to determine 
the conditions required to produce crack¬ 
ing. The test fillet of the Reeve specimen 


was made while restrained by previous 
construction. 1 he development of this 
test was probably the first important step 
in the recognition of the need for meas- 
uring the crack sensitivity with respect 
to a restrained condition. Luther, Laxar 
and Jackson have described a cracking test 
based upon the degree of cracking in the 
heat-affected zones contained in cross 
sections of bead welds (Fig. 25). Trans¬ 
verse microsections were examined, and 
the amount of cracking present was 
qualitatively used as an index. Investi¬ 
gators at Battelle Memorial Institute and 
elsewhere have examined longitudinal 
sections of this same type of specimen in 
order to express the degree of cracking in 
percent of total length of the bead. No 
rigorous quantitative method has been 
developed. 

results of a number of investiga¬ 
tions lead to the conclusion that cracking 
in the heat-affected zones can occur when- 
e\ er a critical combination of four factors 
is present. These factors are hydrogen, 
rate of heating and cooling, chemical 
composition and structure, and stress. 
Suitable techniques reported for the con¬ 
trol of cracking are: 

1. Choose a ferritic electrode whose 
coating contains a minimum of hydro¬ 
gen and/or water-bearing ingredients. 

2. Choose an austenitic steel electrode. 

3. Select a suitable preheating tem¬ 
perature, welding heat-input or post¬ 
heat treatment to insure that, after 
welding, the tranformation of austenite 
in the heat-affected zone can be made 
to occur at a high enough temperature 
so that martensite will not form or 
that hydrogen diffuses away from zones 
of high hydrogen concentration. 

4. Choose a steel of minimum carbon 
and alloy content permitted for the 
particular service requirement. 

The investigation conducted by Doan, 
Stout, Frye and Tor provides an illustra¬ 
tion of a systematic approach to the evalu¬ 
ation of the weldability of a steel. This 
work is significant, since for the first time 
an overall system was suggested for evalu¬ 
ating the weldability of a steel. The 
basic ideas presented in the tentative sys¬ 
tem for preserving ductility in weldments 
may be summarized as follows: (1) when 
a steel is welded, a definite maximum 
hardness is obtained which is dependent 
upon the cooling rate imposed by the 
welding operation; (2) equivalent hard- 
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nesses in the heat-affected zone and in 
the Jominy end-quench test bar may be 
taken to indicate equal cooling rates; 
and (3) each position on the Jominy bar 
represents a definite cooling rate and, 
consequently, corresponds to a certain 
combination of welding conditions. 


plates with each bead deposited at a dif¬ 
ferent energy input. The resulting vari¬ 
ation in cooling rates with varying energy 
levels was reflected by a change in maxi¬ 
mum hardness of the heat-affected zone 
of the base metal. As before, the bend 
angle accompanying each hardness level 
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I herefore, equivalent hardnesses may be 
substituted for cooling rates, and the 
hardness may be expressed in terms of 
Jominy distance. A notched bend speci¬ 
men was used to establish the ductility 
hardness relationship since it was felt 
that ductility also should be made a cri¬ 
terion for the hardened zone instead of 
urdness alone. The welding conditions 
^ere made universal with respect to 
jomt geometry and plate thickness by 

v,rtue of having been modified by Stout’s 
geometry factor. 

An alternate method was later proposed 
which eliminated the use of the Jominy 
specimen and substituted for it a direct 
welding test in the form of simple bead- 
on-plate welds. Reads were deposited on 


was then determined by a set of speci¬ 
mens cooled at different rates. 

There is a general trend in weldability 
testing toward the use of low tempera¬ 
tures as a determining variable, and all 
of the recent investigators consider that 
service performance of a steel or weld¬ 
ment is related to its transition tempera¬ 
ture. Die relationship between service 
performance and the temperature at which 
a bend specimen or other type changes 
irom a ductile to a brittle type of fracture 
has been studied by many investigators 
in this country. J hey have explored with 
unwelded plate, and a few have shown 
the importance of the effect of welding 
on the transition temperature. 

One of the earliest investigations con- 
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cerned the effect of temperature on the 
ang’le of bend of welded specimens 
(Houdremont, Schonrock and Wiester). 
They showed an increase in angle of 
bend from less than 20 deg. to over 
100 deg. as the temperature of testing 
increased from 68 to 212° F. (20 to 
100°C.). In this country a group at 
Massachusetts Institute of Technology, 
initially under the late Prof. A. V. de- 
Forest, undertook to investigate this 

method of approach to the weldability 
problem. 

Much effort has been directed toward 
the determination of completely brittle 
fractures. It has been shown that the 
shape of the test specimen, the degree of 
constraint, the rate of loading and the 
temperature of testing were important in 
the investigation of any given material. 
Stout and McGeady investigated the 
effect of a number of variables on transi¬ 
tion temperature. They showed that the 
most important variable which influences 
the properties of notch sensitivity and 
ductility of structural steels is the varia¬ 
tion of the steel itself from one heat to 
another. Further, it was shown that the 
properties of the unwelded plate are not 
a reliable indication of the properties 
which will result when welding is per¬ 
formed on the plate. It is becoming in¬ 
creasingly evident, through continued re¬ 
search, that when structural steels are 
heated by welding to temperatures within 
the critical range and then cooled moder¬ 
ately fast, high notch sensitivity charac¬ 
teristics are obtained. Anderson and 
Waggoner reported an investigation on 
the behavior of welded structural steel 
and on brittle fractures under service 
loading. They obtained a brittle frac¬ 
ture with some 2% elongation or reduc¬ 
tion of area. They mentioned that due to 
restraint in a structure, accompanied by 
low temperatures, the yield strength of 
a structural steel can be raised to the 
ultimate strength, and that this eliminates 
the possibility of plastic yielding. 

Luther, Jackson and Hartbower re¬ 
ported the effect of welding on the transi¬ 
tion temperature of a number of steels 
but found difficulty in correlating the re¬ 
sults, since various test specimens indi¬ 
cated different performance. In a sum¬ 
mary of welding tests of carbon and low- 
alloy steels, these same authors point out 
the need for fundamental information rel¬ 
ative to the phenomenon of transition 


temperatures in steels and the factors 
that influence them. 

Recently, a rather extensive report on 
the fracture of metals was prepared by 
Gensamer, et al. This survey was pre¬ 
pared and reported in order to form the 
basis for a long-time research program 
on the subject. The extensive discussion 
further emphasized the fact that, even in 
homogeneous materials, the theoretical 
considerations and mechanism for transi¬ 
tion temperature from ductile to brittle 
behavior are not well understood. The 
fact that almost 300 references were cited, 
further emphasized that considerable in¬ 
vestigation and thought have been given 
to this field. It is mentioned that the 
most important factors which affect flow 
and fracture strengths appear to be stress 
combination, type of load, plastic strain, 
history, temperature, rate of strain, com¬ 
position and metallurgical structures. At 
the present time, it is impossible to 
quantitatively evaluate the effect of these 
various factors. In some cases, a quali¬ 
tative statement may be made regarding 
the influence of a particular factor. Gen- 
samer’s statements have been related to 
the performance of the base material 
alone and have not considered the effect 
of welding on the base metal properties. 
Welding complicates the problem. 

In the final report of a Board of In¬ 
vestigation entitled The Design and 
Methods of Construction of Welded 
Steel Merchant Vessels, it was concluded 
that the fractures in welded ships were 
caused by notches and by steel which was 
notch sensitive at operating temperatures. 
The highest incidence of fracture oc¬ 
curred under the combination of low tem¬ 
perature and heavy seas. It was felt that 
improved behavior can be provided by 
improved steel characteristics. 

As a result of the failure of welded 
ships, extensive investigations of ship 
steels have been directed toward studying 
the mechanical and metallurgical aspects 
of the failures. These tests have included 
large- and small-scale specimens. In fact, 
tests have included vessels in service, 
replicas of welded hatch corner construc¬ 
tion and all the standard and many in¬ 
genious non-standard test specimens. At 
the present time, the mechanism of metal 
fracture is not well understood although 
concepts, such as the relation of resist¬ 
ance to flow and fracture and the change 
from ductile to brittle behavior with de- 
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creasing temperature, are being studied in 
attempts to elucidate the mechanism of 
brittle fractures. 

In the past, the notched-bar impact 
test has been used occasionally as an in¬ 
dex of the ability of material to deform 
plastically under service conditions. The 
correlation has not been satisfying. A 
new approach to the phenomenon of 
plastic deformation has resulted from the 
greater understanding provided by re¬ 
cent experimentation, such as the work 
at Watertown Arsenal by Hollomon and 
Zener. For ferritic-pearlitic steels, the 
interrelation of radius of the notch, rate 
of applied load and temperature for 
plastic flow has been qualitatively proved 
and quantitatively indicated. 

Bagsar, Kahn and Imbembo proposed 
cleavage-tear tests in which a notched 
tensile-bend type of test coupon was used. 
The effects of notch and coupon geo¬ 
metries, load eccentricity, rate of loading, 
testing temperature, and of heat treat¬ 
ment were indicated by the more funda¬ 
mental work of Bagsar, whose test method 
is based upon a coupon which has suffi¬ 
cient rigidity and sharpness of notch to 
assure development of cleavage fracture 
consistently. 1 he test method proposed 
by Kahn and Imbembo was intended to 
define transition from shear to cleavage 
fracture in a manner which correlates 
with large-scale plate tests or simulated 
service tests rather than to induce cleav¬ 
age failure under all conditions. 

One of the most recent works reported 
on ductility of steels for welded struc¬ 
tures was the ASM Campbell Memorial 
hecture presented by Kinzel in 1947. 
Kinzel concurred with contemporary in¬ 
vestigators in that the trend in weld¬ 
ability testing is to use low temperature 
as a determining variable and to recog¬ 
nize that service performance of a steel 

structure is related to its transition tem¬ 
perature. 

T he phenomenon of decreased ductility 
with decreasing temperature was ob¬ 
served in many types of specimens. The 
choice of a particular specimen was dic- 
[jjted by ease of machining and testing. 
Ibe test specimen and the method 
selected for comparing the embrittling 
temperatures are shown in Fig. 26. The 
specimen was tested in static loading as 
a simple beam loaded in the plane of the 
notch (big. 27). The criterion suggested 
tor the development of a brittle state or 


condition in a bend-test specimen is the 
lateral contraction at the fracture. The 
embrittling temperature was defined as 
that at which approximately 1% lateral 
contraction occurred. The ratio of pro¬ 
portional limit to the maximum load ap¬ 
proached unity under conditions that pro¬ 
duced about 1% lateral contraction at 
fracture. 
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Fig. 26.—Slow-Bend Test Specimen 

It was demonstrated that lowering of 
ductility with lowering of temperature is 
in no instance a proportional relationship. 
In some of the steels, the lowering of duc¬ 
tility with temperature was gradual over 
a wide range of temperature. In many 
others, slight lowering of ductility oc¬ 
curred as the temperature was lowered 
until some rather narrow critical range 
of temperature was reached, when the 
loss of ductility was extremely rapid with 
lowering temperature as shown in Fig 
28. 

Results of tests wherein other factors 
than temperature were varied showed (as 
expected by theory) that higher velocity 
of testing and greater degree of restraint 
acted in the same direction as lowering the 
temperature of test, that is, in increasing 
the proportion of the fracture which ex¬ 
hibited a brittle, coarse, crystalline ap¬ 
pearance. 

One of the findings of these compre¬ 
hensive tests of most interest to designers, 
therefore, was that the deleterious effect 
of restraint in a structure has not been 
overemphasized in recent literature. In 
this regard, the welding engineer also has 
great responsibility to specify the proper 
cycle of operations to minimize the re¬ 
straint imposed by the differential heat 
effects of the welding operation, and to 
insist on proper preliminary heat treat¬ 
ment (normalizing) or postheat treat¬ 
ment (stress-relief) when the necessity is 
indicated. Previous statements notwith- 
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standing, there is probably little doubt 
that the quantitative relationship between 
small-scale laboratory tests and the per¬ 
formance of full-scale structures can be 
established only by the systematic labora¬ 
tory investigation of small-scale specimens 
run concurrently with tests on large-scale 
members that actually represent elements 
of a full-scale structure. Similar tests 
might be performed on actual failures as 
post mortem studies of the belia vior of the 
casualty structure. 


Carbon 

Manganese 

Phosphorus 

Sulfur 

Silicon 

Nickel 

Copper 

Chromium 


Molybdenum 

Vanadium 

Aluminum 

Titanium 

Zirconium 

Oxygen 

Hydrogen 

Nitrogen 


In general, the above-mentioned ele¬ 
ments exert their influence on the micro- 
structure and physical properties across 
the welded joint bv : 



Fig. 27.—Test Jig and Load Recorder for Slow-Bend Test 


Summary of the General Metallurgi¬ 
cal Effects of Specific Elements 

It has been previously stated that from 
the standpoint of actually making the 
welds, almost any homogeneous struc¬ 
tural steel that can be made can be welded 
provided that appropriate welding condi¬ 
tions are employed. 

Welding involves the localized heating 
or melting of the metals to be joined, and 
the joint is necessarily subjected to a 
steep temperature gradient in a relatively 
small mass of metal. The elements that 
are combined in the chemical composition 
of each steel very definitely influence the 
thermal effect of the welding operation. 

A list of most of the elements involved, 
metallic or otherwise, that are of interest 
to the producers and fabricators of carbon 
and low-alloy steels, is as follows : 


1. Solid solution strengthening of fer¬ 
rite. 

2. Formation of carbides. 

3. Formation of intermetallic com¬ 
pounds. 

4. Oxidation or deoxidation of the 
melt. 

5. Increasing or decreasing the 
hardenability of the heat-affected zone. 

6. Grain size control. 

7. Segregation phenomena. 

8. Raising or lowering the transition 
temperature. 

Certain of the above-mentioned non- 
metallic elements are considered to con¬ 
tribute only detrimental characteristics to 
the properties of carbon and low-alloy 
steels. These elements are usually con¬ 
sidered as impurities and will be described 
briefly as follows : 

Nitrogen. —Open-hearth steels may con- 
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tain 0.0015 to 0.008% nitrogen, while 
Bessemer steels may contain as high as 
0.030%. Nitrogen shows a tendency to 
form simple and complex nitrides with 
other alloying elements in steel; these 
nitrides may be partially responsible for 
strain-aging and embrittlement. How¬ 
ever, plain carbon or low-alloy steels, 
containing greater amounts of nitrogen 
than mentioned above, are considered 
weldable if other conditions are correct. 
The strain-aging phenomenon in low-car¬ 
bon steels is probably associated with 
and is attributable to the precipitation of 
nitrides on slip planes induced by strain¬ 
ing and aging. The phenomenon is accom¬ 
panied by increased hardness and loss in 
notch impact resistance and ductility. It 
is possible that cracking of base metal 
adjacent to the welds in some instances 
may be directly related to strain-aging. 
Some authorities have considered nitro¬ 
gen as a factor in raising transition tem¬ 
peratures. 
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Hydrogen .— Although its solid solubil- 
,ty ,s cx tremely low both above and below 

, nie,tin ff point of steel, hydrogen is 
absorbed during the making or welding 
? steel. T he chief sources of hydrogen 
»n the welding processes are the various 
>pcs of atmospheres which surround the 
”iany different welding medias, electrode 
oanngs containing moisture or cellulose 
compounds and the base metal itself. 


The presence of hydrogen in small per¬ 
centages tends to make the arc erratic. 
Hydrogen is known to contribute to the 
formation of cooling cracks or fisheyes 
in welds. Many investigators attribute 
underbead cracking to the combined effect 
of hydrogen dissolved in retained aus¬ 
tenite, as well as rate of heating and cool¬ 
ing, chemical composition and structure, 
and stress in the base metal. At least 
one authority has shown that little or no 
relation exists between the hydrogen con¬ 
tent and transition behavior. 

Sulfur .—Sulfur is usually kept below 
0.05% in most steel specifications. With 
sufficient manganese to form MnS and 
with uniform distribution, little difficulty 
is encountered in welding steels due to 
sulfur content. With aggravated segre¬ 
gation, difficulty due to the melting-out 
°f the complex sulfide inclusion from the 
plate at the fusion line can be encountered 
both with shielded-arc metal and sub¬ 
merged arc welding. Such behavior is 
often accompanied by cracks in the weld 
metal. The welding of steels containing 
0.10 fo sulfur or more for free-machining 
characteristics is often troublesome. The 
employment of lime type coated electrodes 

has been useful in welding steels of this 
class. 

Phosphorus .— 1 he most general source 
of phosphorus in steel is from the ore. 
Phosphorus is usually kept below 0.04% 
in most steel specifications. As little as 
005% results in a noticeable increase in 
yield strength and a corresponding de¬ 
crease in ductility. Phosphorus tends to 
segregate readily. It diffuses too slowly 
to permit homogenization in normal heat- 
treating or welding procedures, and thus 
may cause harmful banding, along with 
a harmful diffusion of carbon away from 
high-phosphorus areas. Nevertheless, ex¬ 
cellent welding results have been ’ ob¬ 
tained with low-carbon and low-alloy 
steels containing as much as 0.17% phos¬ 
phorus. 

Oxygen. The solubility of oxygen in 
steel in the melting or welding process is 
about 0.2% when above the melting r "im 
of the metal and about 0.1% when below 
Oxygen exhibits a great tendency to 
form carbon monoxide fCO) on cooling 
and thus may form gas pockets in welds 
unless excess oxygen is converted to 
oxides by deoxidizers such as manganese 
silicon, aluminum, titanium or vanadium’ 
Oxygen as nonmetallic oxides of iron. 
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manganese, aluminum and silicon in the 
form of complex silicate slags is often 
present, and in the usual quantities does 
not cause difficulties in welding. While 
it is difficult to definitely point to oxygen 
in the base metal or weld metal as detri¬ 
mental, it appears that its effect will 
depend chiefly on the metal with which 
it is combined, and the size and distri¬ 
bution of oxides formed. 

The following elements, which are to be 
discussed, are those added as alloying 
additions to steel to perform some specific 
metallurgical or welding function: 

Carbon .—Carbon is considered one of 
the most important limiting factors in 
welding. In oxy-acetylene welding, in¬ 
creased carbon is accompanied by in¬ 
creased ejection of sparks (commonly 
referred to as sparking ) and boiling or 
foaming unless sufficient manganese and 
silicon are present to quiet this action. 
Carbon in the base metal exhibits no 
such action in arc welding, but its ability 
to harden the weld metal and base metal 
becomes a definite limiting factor when 
present, due to its deleterious effect on 
ductility. Welding of steels containing 
carbon in greater amounts than 0.30% 
usually involves the use of special welding 
techniques (preheat and postheat) in 
order to obtain sound welds with the re¬ 
quired mechanical properties. In steels 
welded in the as-rolled condition, the 
transition temperature is raised as the 
carbon content increases. 

Manganese .—Manganese is added to 
practically all steels for deoxidation pur¬ 
poses and to combine with sulfur to pre¬ 
vent hot-shortness. For this purpose 
there should be about eight times as much 
manganese as sulfur. Even small amounts 
of manganese greatly increase the harden- 
ability in steels with over 0.20% carbon. 

Increased manganese content results in 
increased sparking during welding in the 
absence of silicon. The sparking is 
attended by an infusible slag formation 
in oxy-acetylene welding, and a consider¬ 
able amount of manganese is lost by 
volatilization and oxidation. These effects 
of high- or low-manganese contents are 
not manifest during arc-welding opera¬ 
tions. However, increasing amounts of 
manganese will tend to make the slags 
formed during arc welding more fluid. 
Manganese, in the amounts usually 
occurring in commercial plain carbon 
steels (Q.30 to 0.80%), imposes no limi¬ 


tations when the carbon content does not 
exceed 0.30%. Increasing carbon and 
manganese contents result in martensite 
formation, with a loss in ductility and an 
increase in hardness in the heat-affected 
zone. Manganese, in amounts up to 1.35% 
in the presence of 0.15% carbon or less, 
produces high-tensile strengths with little 
sacrifice in arc-welded performance. For 
improved transition behavior, the British 
have suggested that the manganese be 
maintained above three times the carbon 
content. 

Silicon .—The addition of silicon (0.15 
to 0.35%) to steels prevents the forma¬ 
tion of CO and results in a so-called 
killed steel. Silicon, in the amounts usu¬ 
ally occurring in steels for welding appli¬ 
cations, is a benefit for all arc and gas 
welding processes. It is considered good 
practice to have the manganese content 
at least twice the silicon content, in order 
to insure fusible slags, particularly in 
forge or hammer welding operations. 

Silicon is beneficial in gas welding 
since it promotes the reduction of iron 
oxide and thus suppresses the formation of 
gas by the reaction of oxides with carbon. 
Its oxidation product, silica, combines 
with any iron or manganese oxides to form 
easily fusible slags. The presence of 
silicon suppresses sparking. Steels con¬ 
taining up to 1.00% silicon have been 
welded successfully, the silicon content 
producing no detrimental action during 
the welding operation. The tendency for 
porosity is dependent upon the relative 
manganese and silicon contents and may 
be avoided by specification of a minimum 
manganese content of 1.00% and a maxi¬ 
mum silicon content of 0.40% for gas 
welding rods. 

Chromium. —Chromium, in the amounts 
ordinarily used in engineering steels, ex¬ 
erts no detrimental action during welding 
by either the gas or arc processes. Sound 
welds can be made in steels containing 
up to 30% chromium. Chromium is 
quite susceptible to oxidation, and in¬ 
creases hardenability; however, by adopt¬ 
ing correct welding procedures, no 
trouble due to chromium should be ex¬ 
perienced. The amount of chromium 
added must be balanced with the carbon 
content. An increase in chromium con¬ 
tent should be accompanied by a de¬ 
crease in carbon in order to prevent air¬ 
hardening characteristics. 

Molybdenum .—Molybdenum is usually 
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employed in conjunction with manganese 
or chromium, and steels containing this 
element are easily welded by the gas- 
and arc-welding processes. Molybdenum 
has no slag-forming characteristics and 
its presence is not noted during the 
welding operation. No serious difficulties 
have been encountered in welding heavy 
plate structures of steels containing 0.5% 
molybdenum if the carbon content is kept 
below 0.15% even though molybdenum has 
a very great effect on the hardenabilitv of 
the base metal. 

Nickel .—Steels containing nickel melt 
quietly in the oxy-acetylene process and 
offer no difficulty with either the gas or 
arc welding processes when suitable rods 
and electrodes are used. Nickel contrib¬ 
utes only mildly to hardcnability, hence, 
it is useful in compositions intended to 
be insensitive to the rapid cooling in weld¬ 
ing processes. 

Copper. —Copper, in amounts up to 
1.0%, does not affect the welding opera¬ 
tion so far as the making of the weld is 
concerned. Weld cracking difficulties 
have been attributed to copper, but this 
depends on the process used and the re¬ 
maining composition of the steel. 

Vanadium .—Vanadium is used in such 
small amounts in carbon and low-alloy 
steels that its presence is not usually 
recognized during the welding operation. 
However, its presence, when dissolved in 
the base metal in small amounts (0.04%), 
increases hardenability slightly and re¬ 
strains grain growth. Vanadium in the 
range from 0.05 to 0.15% acts as a tough¬ 
ening agent and decreases the notch sensi¬ 
tivity of mild steel. 

Aluminum .—Aluminum is ordinarily 
used as a deoxidizer and grain-refining 
element. Properly refined steels that have 
been aluminum-treated with up to 3 lb. 
per ton exhibit no adverse effects during 
fusion, though such steels may often con¬ 
tain residual aluminum or aluminum 
oxide. If too large an amount of aluminum 
has been used for the above operations, 
an infusible scum appears in the welding 
operation that prevents a free flowing 
an d usually results in porosity. 

I bis is particularly noticeable in light- 
qage metal such as rim or barrel stock. 
Defective welds in both gas and resistance 
welding have been traced to aluminum and 
alumina in steel. Apparently, steels con¬ 
taining up to 0.2% aluminum can be arc- 
welded satisfactorily when mineral-coated 


electrodes are used, and there is usually 
no trouble encountered with cellulose- 
coated rod when properly used with high 
current. 

Titanium .—Titanium appears to have no 
effect on the welding operation in the 
amounts present in carbon and low-alloy 
steels. It is usually employed as a clean¬ 
ing agent or carbide former. A consider¬ 
able amount of titanium is lost by oxida¬ 
tion in the fusion of the metal unless a 
sufficient quantity is added by a special 
technique. 

Zirconium .—Zirconium is usually added 
to steel in the ladle, where it has a strong 
deoxidizing action and acts as a scaven¬ 
ger. It forms a fusible slag which tends 
to rise out of the metal and remove with 
it oxygen, nitrogen and nonmctallic in¬ 
clusions. The presence of from 0.03 to 
010% zirconium will usually result in a 
fine-grained steel. It has no apparent 
effect on welding and the low-alloy steels 
containing zirconium are weldable. It is 
worth while to note that vanadium, ti¬ 
tanium and zirconium display a very simi¬ 
lar action as alloying elements in steel. 

Alloy Steels, Hardenable 

General .—The influence of specifically 
added alloying elements to plain carbon 
steel is especially important if this steel 
is to be welded. Alloying elements not 
only affect the final products of the 
steel in the weld and base metal, but con¬ 
trol the rate of austenite transformation 
in the heat-affected zone during and fol¬ 
lowing welding. On cooling to room tem¬ 
perature, the nature of the transformation 
products determines the capacity of the 
steel to withstand the severe thermal 
stresses that are induced. A sufficiently 
soft and ductile metal structure can relax 
these stresses; strong and brittle micro- 
structures, such as those of martensite, 
either retain the thermal stresses without 
plastic adaptation to these forces or re¬ 
lease them by cracking and rupture. 

Effect of Composition .—The most im¬ 
portant effect of an alloying element is 
to change the transformation rates of 
austenite and thus to affect the hardening 
and tempering processes of the steel. 

1 he presence of an alloying element may 
modify the entire transformation curve of 
a carbon steel of a given carbon content 
Figure 29 shows how the transformation 
curves of a 0.35% carbon steel are altered 
by the addition of 1.97% chromium to 


FUNDAMENTALS OF WELDING 


the steel. It may be noted from this 
figure that while it would be almost im¬ 
possible to prevent the partial transforma¬ 
tion of the austenite on even drastic cool¬ 
ing of a plain carbon steel, it would be 
quite possible to do this after the addition 
of the alloying metal. 

It is common to refer to this difference 
in rate of transformation by saying that 
the critical cooling rate at which the 
alloy steel will transform completely to 
martensite is lower than that for the plain 
carbon steel. Since by hardenability we 
mean the ability of a steel to form marten¬ 
sitic products on slower and slower rates 
of cooling, the alloy steel will have a 
higher hardenability than the carbon steel. 



depth along the 4-in. length of the bar. 
In general, steels with high hardenability 
are more susceptible to hardening and 
cracking during the welding operation, 
hence require the use of preheat or post¬ 
heat in order to decrease the rate of cool¬ 
ing and prevent the formation of hard 
martensite. 

One of the effects of alloying elements 
in hardened steel containing carbon con¬ 
sists in hardening the ferrite phase by 
solid-solution hardening. The full im¬ 
portance of these added alloying elements 
is indicated in their modification of the 
iron-carbon diagram. The most signifi¬ 
cant of these modifications is the ability 
of some elements to change a temperature 
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Fig. 29.—Modification of Transformation Diagram by Alloy Addition 


The greater the hardenability, the more 
deeply it will be fully hardened. If a 
number of bars of any given steel, but 
of different diameters, are quenched, it 
will be found that there is a bar of critical 
size which will just be hardened through¬ 
out, and this limiting diameter may be 
used as a measure of hardenability. 

If a steel is a very deep-hardening steel, 
it may be impractical to determine hard¬ 
enability from bars of moderate diameter. 
In such cases it is necessary to use a long 
bar which is heated to the desired quench¬ 
ing temperature and then quenched in 
such a way that only one end face is in 
contact with the quenching medium. This 
test is called the end-qucnch or Jominy 
hardenability test. Hardness measure¬ 
ments are made along a flat cut at a fixed 


range, over which either austenite or 
ferrite can exist in stable form. 

In addition to actual solution in the 
austenite phase, the alloying elements will 
combine themselves with the carbon 
present in the steel, and the relative 
amounts present in carbide or in solution 
will depend entirely on the carbide-form¬ 
ing tendency of the alloying element. In 
some cases, this may be high and all of 
the alloying element will be present in 
the form of complex carbides, which may 
be difficult or impossible to get into 
austenite solution. It may be expected in 
such cases that the hardenability of such 
a steel will be considerably affected due 
to the lack of perceptible carbon. Funda¬ 
mentally, the temperature and composition 
range in which it is possible to obtain a 
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pure austenite solution will depend very 
much upon the material and amounts of 
alloying element present. 

The alloying elements may be divided 
into two classes: (a) those which enlarge 
the austenite zone of iron-carbon alloys, 
and ( b) those which restrict or otherwise 
cause it to vanish. 

Nickel, cobalt and manganese are ele¬ 
ments typical of the first group. Figure 
30 shows the effect of various concentra¬ 
tions of manganese on the austenite zone. 


steels is allowed to cool normally, the 
austenite will decompose more or less 
completely to martensite. However, if 
the cooling in the heat-affected zone is 
delayed with a postheat treatment, the 
austenite will decompose to intermediate 
structures, depending on the temperatures 
to which the metal is cooled after weld¬ 
ing, the time it remains at this tempera¬ 
ture and the rapidity of cooling to that 
temperature. To insure adequate ductility 
in the metal adjacent to the weld, it is 
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Fig. 31.—Effect of Silicon Content on the 

Austenite Zone 


I he effects of cobalt and nickel are quite 
similar. It may be noted that as the 
manganese content is increased, botli the 
eutectoid temperature and the composi¬ 
tion are progressively shifted to the left 
and down. Figure 31 shows the effect of 
increasing amounts of silicon on the 
austenite zone. Table 1 lists some of the 

general effects of alloying elements in 
steel. 

Application of Isothermal Diagrams 

to Welding 

In welding, the base metal adjacent to 
the weld deposit is heated to a tempera¬ 
ture high enough to transform it to auste¬ 
nite. If the heat-affected zone in alloy 


important to consider its metallurgical 
behavior as it cools after welding. 

The tremendous difference in time for 
transformation, as it depends upon the 
reaction temperature, may be seen by 
examining the isothermal curves of a 
material such as SAE 4340 (Fig. 32). 
Improved ductility is to be expected only 
when the transformation of austenite is 
completed at some elevated temperature. 
The use of postheat, of sufficient duration 
to permit complete transformation at the 
postlieat temperature of the austenite 
formed during the welding operation, re¬ 
sults in improved ductility of the heat- 
affected zone. Suitable postheat technique 
often makes possible the establishment of 
a shorter welding cycle by developing the 
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properties of a normalized material with¬ 
out heat treating entire assemblies after 
welding. 

Indications have been found that time 
and temperature of postheat for optimum 
ductility are related to the isothermal 
transformation characteristics of the steel 
used. The isothermal diagram may be 
used as a guide in the selection of post¬ 
heat temperature and time. Preheat is 
important only as far as it affects post¬ 
heat conditions. Since the maximum 
ductility of steel follows closely its com¬ 
plete isothermal transformation, the iso¬ 
thermal transformation curve can be used 
as a first approximation in determining 
the proper postheat temperature and time. 


mium and nickel, is more readily and 
satisfactorily welded than the group which 
contains only chromium. Since the re¬ 
sponse to welding is not the same for the 
two groups, they will be discussed 
separately. (See Chapter 31 for further 

information on the welding of stainless 
steels.) 

Austenitic Steels.— Austenitic alloys, 
containing both chromium and nickel, and 
characterized by their excellent resistance 
to corrosion and oxidation, have im¬ 
portant applications in welded construc¬ 
tion, both as base material and as added 
weld metal. Carbon in iron is very 
effective in forming austenite, but its 
limited solubility makes it necessary to 



Table 1 

Effects of Some Alloying Elements in Steel 


Stabilization 
of Austenite 

Hardening 
Tendency 
on Trans- 
forniation 

Carbide 

Formation 

Restriction 
of Grain 
Growth 

Stabilization 
of Ferrite 

Strengthening 
of Ferrite 

Nickel 

Manganese 

Nitrogen 

Carbon 

Copper 

Carbon 

Molybdenum 

Chromium 

Manganese 

Nickel 

Tungsten 

Vanadium 

Vanadium 

Titanium 

Columbium 

Tantalum 

Tungsten 

Molybdenum 

Chromium 

Manganese 

Aluminum 

Vanadium 

Titanium 

Zirconium 

Nitrogen 

Chromium 

Molybdenum 

Phosphorus 

Tungsten 

Vanadium 

Silicon 

Aluminum 

Titanium 

Zirconium 

Manganese 

Silicon 

Phosphorus 

Cobalt 

Nickel 

Aluminum 

Chromium 

Molybdenum 

Tungsten 

Nitrogen 

Copper 

Vanadium 

Oxygen 


The possibility of extending the principle 
of controlled postheat to the welding of 
steels of many compositions may be 
realized from the examination of the por¬ 
tions of isothermal transformations re¬ 
produced in Fig. 32. The ductility and 
soundness of the heat-affected zone in 
most of the medium-carbon alloy steels 
may be improved by selecting suitable 
postheat temperatures and time in order 
to ensure complete transformation of the 
hardened structures in the heat-affected 
zone. 

Stainless Steels 

General .—There are over two dozen 
varieties of stainless steels which are 
generally characterized by their improved 
resistance to corrosion and oxidation. All 
varieties of stainless steels are welded 
under commercial conditions; however, 
the welding techniques for different types 
vary quite widely. The austenitic group 
of stainless steels, containing both chro- 


add chromium, nickel or manganese for 
full-phase stabilization. Nitrogen may 
be used to replace nickel or carbon in 
some applications. Only sufficient alloy¬ 
ing elements are added to austenitic steels 
to make the material stable under the 
expected conditions of service. 

When utilized at room temperatures, 
the kinetic energy in the austenitic steel 
is sufficiently low to prevent transforma¬ 
tion, even over an indefinitely long period 
of time. At certain elevated tempera¬ 
tures, in excess of 750 °F. (400°C.), how¬ 
ever, and over long exposures, some de¬ 
composition may occur, especially if the 
steel contains elements such as chromium, 
molybdenum or silicon, improperly bal¬ 
anced in respect to other elements of its 
composition. 

In the corrosion and heat-resisting 
steels, alloys of 18% chromium—8% 
nickel with molybdenum; 20% chromium— 
10% nickel; 25% chromium—12% nickel; 
and 25% chromium-20% nickel, may be 
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regarded as modifications of the general 
type having the well known 18% chro- 
mium-8% nickel composition. They are 
particularly stable for temperatures rang¬ 
ing from a low temperature such as en¬ 
countered in liquid oxygen (—297.4 °F. or 
—183 °C.) to a higher temperature of 


work. As the temperatures approach 
1900°F. (1038°C.), solution of the car¬ 
bides occurs and may be complete on 
holding at this level. 

Elements such as columbium, titanium 
and vanadium, which are carbide-forming, 
are also ferrite-stabilizing. Where they 
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Fig. 32.—Isothermal Curves 


for postheating time versus 


approximately 900°F. (482°C). Even a 
short time at the temperature range of 
about 900 to 1400°F. (482 to 760°C.) may 
result in intergranular precipitation of 
carbides. At still higher temperatures, 
the precipitation is less selective and can 
occur within the grain. At lower tem¬ 
peratures, precipitation may occur along 
shear planes produced by mechanical 


form highly stable carbides not easily 
soluble in austenite, even at high tem¬ 
peratures, they tie up some of the carbon 
and prevent its contribution to the 
austenite formation. Their carbides are 
slow to diffuse, coalesce or dissolve in the 
austenitic solid solution. 

The grain boundary carbide precipita¬ 
tion at 900 to 1400°F. (482 to 760 °C.) 
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is undesirable because it permits a locali¬ 
zation of corrosive attack and consequent 
embrittlement in media normally not 
severely corrosive to steels of the 18-8 
or more highly alloyed types. Weldable 
steels of the 18-8 type are limited by 
specification to a maximum of 0.08% 
carbon* in order to minimize intergranu¬ 
lar carbide precipitation from the weld¬ 
ing heat. The time dwell within the 
susceptible temperature range will vary 
with the means, technique and extent of 
welding, as well as the thickness of the 
members to be joined. Titanium and 
columbium added to the 18-8 base metal 
have the advantage of eliminating sensi¬ 
tivity to intergranular precipitation. Their 
useful contents are usually four to ten 
times that of carbon. Titanium is too 
easily oxidized during welding for effec¬ 
tive transfer through the welding zone. 
Columbium does not have this objection 
and is employed almost universally for 
this purpose. The addition of columbium 
to form columbium carbides can restrict 
intergranular localization by its previous 
precipitation within the grains and by 
allowing only sluggish diffusion toward 
the grain boundaries. 

Exposure to 1600°F. (871 °C.) and be¬ 
low, with compositions of lower carbon 
and higher chromium, nickel, silicon, 
molybdenum or other elements than the 
18-8 type, may permit the formation of 
a brittle sigma phase. This forms with 
an approximate composition, as the inter- 
metallic compound FeCr. Such changes 
in the austenitic alloy are significant in 
prolonged high-temperature service and 
even during the shorter time periods of 
welding heat exposure. A properly bal¬ 
anced composition is consequently neces¬ 
sary to prevent the formation of the 
sigma phase. 

High-Chromium Steels .—From the 
standpoint of welding, the straight chro¬ 
mium stainless steels can be grouped into 
two classes: those containing up to 14% 
chromium which harden intensely if 
allowed to cool rapidly in air from high 
temperatures; and those with 18 to 30% 
chromium which do not harden when 
cooled rapidly. The intermediate steels 
containing 14 to 18% chromium behave 
in a manner that depends upon their exact 
chromium and carbon contents. 

*In order to meet this requirement, production 
specifications often aim tor a maximum of 
0.06% carbon. 


The high-chromium steels, those con¬ 
taining above about 20% chromium, are 
characterized by somewhat greater brittle¬ 
ness than is shown by the lower-chro¬ 
mium alloys in their fully-annealed, dead- 
soft condition. The tendency for grain 
growth with increased brittleness results 
if these alloys are held at over 1650°F. 
(900° G). If held at around 1200°F. 
(649°C.) or if cooled slowly through this 
range, brittleness may result. In order 
to avoid large grain growth during weld¬ 
ing, care is taken to avoid high concen¬ 
trations of heat of long duration. The 
use of small weld beads to avoid un¬ 
necessary heat build-up is helpful. For 
best corrosion properties, full annealing 
after welding is recommended. 

NICKEL AND HIGH-NICKEL 

ALLOYS 

General 

The ensuing discussion applies to nickel- 
base alloys containing more than 50% 
nickel, and, for convenience of treatment, 
is further confined to three types of alloys 
which are in wide use and commonly 
fabricated by welding. (See Chapter 35 
for further information on the welding of 
these materials.) The three classifications 
are as follows: 

(a) Nickel 

(b) 70 Nickel-30 Copper (Monel) 

(c) 77 Nickel-15 Chromium-8 Iron 

(Inconel) 

Nickel-Base Metal 

The most commonly used grade of 
commercial rolled nickel contains about 
0.04—0.07% carbon, which is satisfactory 
for most applications from approximately 
700°F. (371 °C.) down to very low tem¬ 
peratures. However, under service con¬ 
ditions involving long-time exposures at 
temperatures of the order of 700° F. 
(371 °C.) or higher (such as in fused 
caustic applications), nickel may in time 
become embrittled immediately adjacent 
to the weld. This area has, in effect, been 
quenched from a high temperature during 
welding, and when the weldment is sub¬ 
sequently placed in service under the con¬ 
ditions indicated above, the carbon is re¬ 
jected as intergranular graphite. This 
graphitization is avoided by using a low- 
carbon variety of nickel, commercially 
designated L nickel, for weldments in- 



WELDING METALLURGY 


115 


tended for such service. Due to its low- 
carbon content, L nickel possesses some¬ 
what lower strength properties than com¬ 
mercial nickel, which may occasionally 
be a factor to be considered from a de¬ 
sign angle. 

70 Nickel-30 Copper (Monel) 

The heat-affected zone of Monel weld¬ 
ments is quite free of graphitic embrittle¬ 
ment tendencies, and no special grade of 
Monel is needed for elevated temperature 
service. The relative insensitivity to em¬ 
brittlement of the nickel-copper alloy, 
compared to nickel, is due in large part to 
the lower solubility of carbon in Monel. 

77 Nickel-15 Chromium-8 Iron 

(Inconel) 

As in the other alloys, no difficulties are 
encountered in the heat-affected zone, 
from a weldability standpoint. For most 
applications, therefore, neither preheat nor 
postheat is required. However, under 
conditions involving exposure to certain 
'•orrosive media at high temperatures, a 
nostheat treatment may be desirable to 
dissolve intergranular carbides rejected 
in the heat-affected zone. 

Weld Metal 

In welding the high-nickel alloys, great 
care must be exercised to avoid contain- 
iniation of the fusion zone with such dele¬ 
terious elements as lead, sulphur, bis¬ 
muth, etc. The principal sources of such 
contamination are found in improper 
cleaning and preparation of the material 
to be welded, and the use of flux or 
electrode coating ingredients containing 
excessive amounts of such elements as 
impurities. Excessive amounts of boron 
are also undesirable and usually enter the 
weld metal through the use of high-boron- 
content fluxes, especially in gas welding 

Lead .—1 bis element, even when present 
in very small amounts, reduces weld hot- 
ductility sharply, causing hot-cracking 
either during welding or on reheating for 
stress-relief or in subsequent elevated tem¬ 
perature service. Other so-called heavy 

metals such as bismuth are also trouble¬ 
some. 

Sulphur .—Unless properly fixed by 
suitable elements such as magnesium, 
sulphur will form, with nickel, a nickel- 
nickel sulfide eutectic, molten at about 
I200°F. (649°C.), which will make the 
material hot-short and produce cracked 


welds. While sufficient residual sulfur¬ 
fixing elements are present in the sheet 
and wire to take care of the normal 
amounts of sulfur, they cannot prevent 
excessive contamination of the weld metal 
by sulfur from such external sources as 
flux ingredients, improperly cleaned sur¬ 
faces, etc. In some instances, high-sul¬ 
fur content welding slags can also pro¬ 
duce surface embrittlement of the sheet 
adjacent to the weld to a damaging ex¬ 
tent, particularly in welding light-gage 
material. 

Boron. —Compounds of boron are quite 
readily reduced in both gas and arc weld¬ 
ing, thus introducing boron into the 
weld metal. While the nickel alloys 
possess a small tolerance for boron, the 
excessive weld contamination produced 
through the use of fluxes containing large 
amounts of boron compounds may result 
in brittle and cracked welds. 

Carbon .—In gas welding nickel-base 
alloys, a neutral or very slightly reducing 
flame is recommended. Considerable 
amounts of carbon can be introduced into 
the weld metal by using a strongly re¬ 
ducing flame. Such high-carbon welds 
are susceptible to corrosion or embrittle 
ment or both, and carbon pickup during 
welding should, therefore, be avoided. 

I be use of L nickel in applications in¬ 
volving long-time exposures at tempera¬ 
tures above about 700°F. (371°C.) in 
order to avoid embrittlement in the heat- 
affected zone, has been discussed. It 
should also be recognized that the weld 
metal must likewise be resistant to 
graphitic embrittlement. This may be 
accomplished by depositing weld metal 
low in carbon or by adding carbon- 
stabilizing elements to the core ware or 
flux coating, so that the weld metal will 
be structurally unaffected in subsequent 
service. Electrodes are available which 
function on the latter basis. 

Gases .—The molten nickel-base alloys 
dissolve considerable amounts of nitrogen 
and hydrogen, which are released during 
solidification, producing weld porosity. 
Care should be taken to avoid sources of 
hydrogen in welding fluxes, both by 
choice of flux composition and by ade¬ 
quate drying of coated electrodes. Nitro¬ 
gen is always present in the arc and its 
effects are best neutralized by the addi¬ 
tion of suitable nitrogen-fixing elements 
to the core wire or to the flux. 

Silicon .—In the case of alloys of the 
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Inconel type, some care must be taken to 
control weld composition with respect to 
silicon in order to prevent hot-cracking. 

It has been found that the presence of 
silicon in Inconel weld metal in amounts 
greater than about 0.35% may be ac¬ 
companied by hot-cracking, the tendency 
increasing with the silicon content. 
Columbium, if present in the weld metal 
in sufficient amounts to insure a colum- 
bium-silicon ratio of about 4.5 :1, probably 
neutralizes the complex silicon effect and 
permits production of welds which are 
substantially free of weld hot-cracking 
tendencies. Electrodes are commercially 
available which deposit compositions suit¬ 
ably resistant to hot-cracking. 

Age-Hardcnable Nickel Alloys .—There 
are a number of age-hardenable alloys 
such as K-Monel, Inconel X, etc., which 
are occasionally fabricated by welding. 
The welding procedures are similar to 
those used for the corresponding con¬ 
ventional alloys. However, in order to 
obtain the maximum response to heat 
treatment of the deposited weld metal, 
it is desirable to purchase sheet which has 
already been partially heat treated so that 
it only requires a final aging treatment. 
Alternatively, the material may be solu¬ 
tion treated before welding. After weld¬ 
ing, it is then only necessary to apply the 
recommended aging treatment. This pro¬ 
cedure not only minimizes distortion, but 
also results in a better response to aging 
in the weld metal than would be obtain¬ 
able if the weldment were given a full 
heat treatment after welding. 

Summary 

This discussion attempts to present a 
broad picture of the welding metallurgy 
of nickel-base alloys. The absence of 
transformations usually makes preheating 
and postheating unnecessary and elimi¬ 
nates such difficulties as hard and brittle 
areas adjacent to the weld, underbead 
cracking, etc., which are encountered in 
the welding of some steels. The welding 
problems in nickel-base alloys are gen¬ 
erally related to the deposited metal 
rather than to the heat-affected zone, and 
hence to contamination of the deposit 
with deleterious elements. 

In making a broad classification of 
nickel alloys, it has not been feasible to 
deal with several alloys such as the 
Hastelloys and others, which have im¬ 
portant industrial uses. Some informa- 


OF WELDING 

tion on these materials will be found in 
Chapter 35. 

COPPER AND COPPER ALLOYS 
General 

The following section on the metallurgy 
of copper and the copper alloys deals only 
with those properties of the materials 
w hich are involved in welding, brazing 
and soldering operations. However, since 
beneficial or ill effects in heat-joining 
operations are often determined by the 
alloying element itself, it is necessary to 
discuss such alloying agents one by one. 
Furthermore, metallurgical effects are 
many times occasioned by the ambient 
atmosphere or welding gases and heating 
methods. These features are therefore 
discussed. 

With respect to the formation of alloys, 
copper is a rather versatile element, more 
than one-third of the ninety-six known 
elements being involved in the manufac¬ 
ture of the copper alloys. Copper serves 
as the base element for more than one 
hundred common commercial alloys: 
brasses, bronzes, cupro-nickels, nickel 
silvers, copper-silicon alloys, leaded 
brasses and bronzes, etc., which have a 
wide variety of useful applications. 

Welding procedures are given in Chap¬ 
ter 34, and additional information on the 
general metallurgy and metallurgical 
properties of the copper alloys will be 
found in the bibliographic references at 
the end of this chapter. 

Major Alloying Elements 

Fourteen elements are associated with 
copper to make several hundred copper 
alloys sold under a thousand different 
names. These additions usually result in 
a metal having a single metallurgical 
constituent—the alpha phase—which un¬ 
like steel does not change phase or chemi¬ 
cal composition when melted and solidi¬ 
fied, when heated and cooled, however 
fast the cooling is performed. See Figs. 

2, 3 and 5. 

Some copper alloys, however, have 
more than one metallurgical phase and 
at least three are heat-hardenable. With 
such alloys, heating and cooling effects 
must be considered; these will be con¬ 
sidered later. 

The fourteen major alloying elements 
of copper are listed in Table 2 together 
with the names of the resulting alloy. 
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The atomic number and weight are 
shown because more and more attention 
is given to these properties in metallurgy 
as well as in chemistry. 

The density figure gives a convenient 
means of computing weights from known 
volumes or vice versa. The values for 
the elements cannot, however, be used 
in direct proportion to compute the density 
of the resulting copper alloy. The densi¬ 
ties of the copper alloys vary only from an 
approximate minimum of 0.274 for alumi¬ 
num bronze to a maximum of 0.323 lb. 
per cu. in. for pure copper, whereas the 
densities of the elements vary from the 
value of 0.0657 for phosphorus to 0.409 lb. 
per cu. in. for lead. 
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Copper .—Pure copper, free of oxides 
and other impurities is characterized by 
good hot and cold workability. It has 
a good average strength in the cast or 
annealed condition of 30,000 to 35,000 psi., 
which can be approximately doubled by 
cold-rolling or cold-drawing. It has the 
highest electrical conductivity and thermal 
conductivity of any of the commercial 
metals. 

The electrical and thermal conductiv¬ 
ities are reduced by alloying additions. 
The amount of the reduction of the elec¬ 
trical conductivity depends upon the alloy- 
ing agent and the amount used. Most 
other properties as strength, weldability, 
hardness, durability, etc., can be improved 


Table 2 P roperties of the Major Alloying Elements Used with Copper 


Element 

Aluminum 

Arsenic 

beryllium 

Cadmium 

Chromium 

Copper 

I ron 

head 

Manganese 

Nickel 

Phosphorus 

Silicon 

Silver 

Tin 

Zinc 


Atomic 

No. 


Atomic 

Weight 


Density, Lb. 
per Cu. In. 
at 68*F. 


M I* 

°F. 

(°C.) 


B. I\ 

° F. 

(°C.» 


13 

33 


Generic Name 
of Alloy 
with ('upper 


•48 

24 
29 
26 
82 

25 
28 
15 


14 

47 

50 

30 


26.97 

74.93 
9.02 

1 12.41 
52.01 
63.57 
55.84 
207.20 

54.93 
58.69 
31.02 

28.06 
107.88 
118.70 
65.38 


0.0975 

0.2070 

0.0658 

0.3152 

0.2579 

0.323 

0.284 

0.409 

0.268 

0.322 

0.0657 

0.087 

0.380 

0.264 

0.258 


1218 

(659) 

1139 
(615) 
243 5 
(1285) 
610 
(321) 
3350 
(1843) 

1981 
(1083) 
2795 
(1535) 
621 
(327) 
2268 
(1242) 
264b 
( 1452) 
Ignites 90 


2588 
(1420) 
1761 
(961) 
450 
(232) 
786 
(419) 


Aluminum Bronze 


3273 
(1800) 

Sublimes Arsenical Copper 


5040 
(2782) 
14 13 
(767) 
4 500 
(2482) 

42U0 

(2315) 

5430 

(3oo0) 

317o 

(1743) 

3905 

(2152) 

(2900) 


4712 
( 2600 ) 
3635 
( 2002 ) 
41 18 
(2270) 
1665 
(9o7 > 


Beryllium Copper 
Copper-Cadmium Bronze 
( hromium Copper 
Copper' 1 

No binary alloy in copper 

Leaded Copper, Brass, 
Bronze 

Manganin, Manganese 
Bronze 

Cupro nickels. Nickel 
silvers. Constantan 
Phos-Copper, Phosphor 
Bronze, Phosphorus 
deoxidized ( onper 
Copper silicon allov, 

hverdur, Hcrculoy, etc 
Silver-bearing Copper, 
.Silver Brazing Alloys 
Bronze, Phosphor 
Bronze 

Brass Special Bronzes, 
Nickel Silvers 


known e b n y en var7oui 0 nam. S ToSKh-^ilchTop,.J h El«troIvt^? I cS erC ' n if e, °' her 

Ff " C ° PP "’ ^^‘Conductivity 1^°? 

'■rs t 


arc 
gen 
etc. 


* he melting temperature is an im¬ 
portant index in arc and gas welding and 
razing. J J lc boiling temperature is im¬ 
portant in only three cases, i.e., alloys 
Phosphorus, zinc and cadmium. This 
•At is discussed under the element in 

Question. 

Thtse elements are added to copper, one 

or several at a time to form alloys valued 

or their physical, corrosion-resisting and 
aesthetic properties. 


hv suitable additions as indicated below 
Oxygen-Bearing and Deoxidized cop¬ 
per. Most of the electrical copper and 
general-purpose copper in wire, bars and 
sheets is of the oxygen-bearing, tough 
pitch variety carrying 0 03 to 0.07% oxy¬ 
gen in tlu* form of minute specks of 
cuprous oxide-copper eutectic. This elec¬ 
trical and general purpose, tough-pitch 
copper is readily soft soldered, silver 
brazed and flash-welded but should not 
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be used where the copper is to be arc or 

gas welded. Deoxidized copper should 
be used in the latter case. 

Minor Additions to Copper and 

Copper Alloys 

In this group eighteen elements may be 
mentioned: antimony, barium, bismuth, 
>oron, calcium, carbon, cobalt, gold, 
■lithium, magnesium, mercury, sodium 
titanium, vanadium, tungsten, selenium, 
sulfur and tellurium. 

Of these eighteen minor elements, only 
a few are used at this time in commercial 
copper alloys. For copper alloys joined 
by welding, the use of these minor ele¬ 
ments is even more restricted. 

Boron, calcium, magnesium, lithium 
and/or sodium may be employed in copper 
as deoxidizers but little, if any, is left 
in the resulting alloy. They would rarely 
be encountered in welding metallurgy. 
Antimony has been used to some extent 
to raise the annealing point of copper 
but in amounts so small as to have prac¬ 
tically no influence on welding operations. 


of cold-drawn electrical copper. Lead is 
used for the same purpose. Sulfur is 
important in the extractive metallurgy of 
copper. However, it is rigidly excluded, 
by suitable refining processes, from com¬ 
mercial copper and copper alloys. Hence, 
it is not encountered in the welding of 
copper alloys. Gold alloyed with copper 
in art objects and jewelry is gas welded 
without difficulty or metallurgical com¬ 
plications.. Mercury is rarely, if ever, 

involved in the welding metallurgy of 
copper. 

Effects of Welding and Ambient 


Fuel gases and gasified liquids as acet¬ 
ylene, methane and other carbon-hy¬ 
drogen gases and liquids, alcohols, etc., 
break down and react when ignited in 
the presence of oxygen or air, into (1) 
hydrogen, (2) water vapor, (3) carbon 
monoxide and (4) carbon dioxide. 
Hence, these new gases are the ones 
which react with the metals rather than 
the original fuel gas and are the ones 


Table 3-Effect of Ambient Gases on Welding of Copper Alloys 


Name of Gas 


Formula 


Oxidizing Gases: 
Oxygen 

Water vapor 

Carbon Dioxide 

Reducing Gases: 
Hydrogen 

Carbon Monoxide 

.Ventral Gas**; 
Nitrogen 


Ty i P t' C fL R ' aCt ' 0n P°PP er Alloy Metal 
at Brazing or Welding Temperatures 


o,> 


h 2 o 


CO 


H and H: 


CO 


N 


a 


Helium 

Argon 


He 

A 


reaction beine n or? 1 P r &nd C ? pper alloying elements, the 
?te concentration * S the tei PP e .™ture of the metal 

Neutral to 3 f •!?? 0Xygen ls increased. 

oxidilini ?!• m - eta -b oxl <bzmg to some hot metals The 

n lnT^i,!?on th c e oppe S r e a°lUs' berJ "' 

• beryllium "aTd ^ 

" carbon" fuels “"causes™?^ hT acetylen , e - or ° the r hydrogen- 

pitch copper 'a “emperatlre^ab^e r ZtEST"** ° f ‘° UBh - 

NO aVcVelW Ct °Sowi heliu T ? r arg0 " a s an inert shield in 

G sr " 

Good inert shield in arc welding. 

Good inert shield in arc welding. 


1 owdered copper, tungsten and/or cobalt 
are pressed and sintered to make resist¬ 
ance spot-welding electrodes. Carbon is 
practically insoluble in copper alloys, the 
high-nickel cupro-nickels being excepted. 
Hence, carbon is not the important rea¬ 
gent in copper that it is in iron. It is 
regarded as an undesirable impurity in 
the cupro-nickels, and it is rarely en¬ 
countered therein. Selenium or tellur¬ 
ium may be used to improve machinability 


to be considered. These gases may be 

divided into three groups depending upon 

their action on the cold or hot metal: 

(1) oxidizing, (2) reducing and/or (3) 

neutral or shielding action as shown in 
Table 3. 

A fourth action which has an important 
part in the soundness or lack of sound¬ 
ness in a weld is the relative solubility 
of a gas in the molten metal and the 
solid metal. Little information is avail- 
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able ori these solubilities; moreover, the 
volume of a given gas dissolved in the 
molten metal depends upon the tem¬ 
perature of the molten weld metal and 
the area of contact. The unsoundness 
of the weld, i.e., volume of gas rejected 
by the solid metal, may also depend 
upon the rate of solidification. 


a manufactured source is by far the most 
important gas with which a welding oper¬ 
ator is concerned. At room temperatures 
or at an elevated temperature, it forms 
oxides, sometimes of several different 
formulas, for a given metal. The princi¬ 
pal oxides of interest to the copper alloy 
metallurgist are given in Table 4. 


Aluminum 

Arsenic 

Beryllium 

Cadmium 

Chromium 

Copper 



Table < 

l——Oxides 

of Elements Used with Copper 

Element* 

Principal 

Oxide 

Oxide 

Melts, 

°F. 

ro 

Oxide 

Boils, 

°F. 

(°C.) Nature of Oxide on Weld Melt 


AlsOa 

AsaOa 

BeO 

Cd*Q 

GdO 

CrtOa 

CusO 

CuO 


3722 
(2050) 
379° 
(193) 
46 58 
(2570) 
1652* 
(900) 

3614 
i 1990) 
22 55 
(1235) 
1879*- 
(1026) 


4082 

(2250) 

Subl. 

7100 ^ 

( 3900 =*) 


Very high 

3272* 

( 1800 ) 


Tough, refractory. Floats but is apt to 
be folded in. Difficult to flux. 

No interference in welding. 

Tough, refractory. Floats but is apt to 
be folded in. Difficult to flux. 

No serious interference but high density, 
8.2, may cause the suboxide to be en¬ 
trapped in the metal. 

Refractory, brittle, hard. Difficult to 
flux. 

I'.asily reduced, easily fluxed. CuuO 
dissolved in melt but is rejected as 
metal solidifies as microscopically small 
particles scattered throughout the 
metal. 


1 run 

FeO 

2588 

• • • • • 

Easily fluxed. 

easily reduced with 

carbon 



(1420) 


monoxide 

Not important in 

copper 





a Urn v 

1 .eud 

PbaO 

t> 


1 nstable ( a 

uses porosity. 



PbOs 

554 6 


11 ea v y, sinks 

in melt. Fluxible. 




(290) 





M anganeae 

MnO 

3002 


Readily fluxed 

High oxide, unstable. 



(1650) 





Nickel 

NiO to 

7 52 

• • • • • 

J ight, closely 

clinging refractory 

scale. 


NinOa 

(400) 


Difficult to 

flux. 



N iaOi 

1112 r 

• •#19 






(600) 





Phosphorus 

PsO* 

75 

343 

Acts .«•> deoxii 

li/er, flux like. 




(24) 

(173) 





PsOft 

1045 

657“ 






( 563 ) 

(347 ) 




Silicon 

SiO* 

3115 

40464- 

Element is a 

strong deoxidizer. 

Oxide 



(1713) 

(2230) 

combines vs i 

tli other metal oxides to 





form glass 

melting at 1600°F 

*= to 





form conlin 

nous impervious ffi 

uxdike 





film on the 

weld pool. 


Silver 

AgsO 

572 * 


No interference 

e, sublimes. 


Tin 


(300) 





SnO 

1292 1742* 

• • • • • 

Easily fluxed. 

easily reduced with 

phos- 



(700-950) 


phorus. 



SnOs 

2060* 





Zinc 


(1127) 





ZnO 

3272- 


Zinc vaporizes 

before oxide is formed. 



(1800) 


Refractory. 

Easily fluxed. 


* Sublimes. 

h Decomposes. 

e Loses oxygen 

i at temperature indicated. 




The best method thus tar discovered 
for preventing porosity in the weld metal 
is to blanket the molten weld metal with 
a low solubility gas, a flux or with an 
impervious liquid film. Silicon is the 
only element thus far found to develop 
a satisfactory film of this type. 

Oxygen, Oxides .—Except for the fuel 
gases, oxygen from the air and/or from 


Oxides at Room Temperature and Soft- 
Soldering Temperature .—Since copper, 
brass and bronze will tarnish* at room 
temperature, the film thus formed is 
superficial and is no obstacle whatever 

• Sulfur gases are responsible for this tarnish 
more than is oxygen. Copper, ori long exposure 
to the atmosphere, reacts with sulfur and carbon 
gases, water and oxygen to form a patina (film) 
which protects the copper from further attack. 
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to soft-soldering operations. This is also 
true of the copper-cadmium alloys, tin 
alloys, zinc alloys and copper-nickel 
alloys. 

The alloys of copper with aluminum, 
beryllium and chromium, and, to a cer¬ 
tain extent, also with silicon are diffi¬ 
cult to soft-solder due to the existence of 
a thin, unfluxible (with soft-soldering 
fluxes) film of the respective oxide. 

In the case of the copper-silicon alloys, 
the silicon oxide does not form to an 
interfering extent at room temperature 
though it does as soon as the metal is 
heated to soft-soldering temperatures. 
The soft soldering fluxes are ineffective 
on silicon oxide. Hence, in order to 
soft-solder the copper-silicon alloys, it is 
necessary, starting with freshly cleaned 
metal, to first coat the surfaces with flux 
and then heat to soft-soldering tempera¬ 
ture and solder as quickly as possible. 

Gassing of Oxygen-bearing Copper .— 
The gassing of oxygen-bearing copper is 
due to a reaction that takes place in the 
hot, solid copper in an atmosphere con¬ 
taining hydrogen. The particles of cu¬ 
prous oxide in the metal are reduced by 
hydrogen that has diffused into it, thus 

CusO + H 2 = Cu 2 + H^O 

This reaction begins with a temperature 
of about 750°F. (400 C C.) in the copper 
and increases with the temperature. It 
is not obtained with an oxygen-free or 
a deoxidized copper or other copper alloy. 

It may cause a loss of as much as 50% 
in strength in a weld in oxygen-bearing 
copper. 

The action of arc- and gas-welding heat 
on copper containing cuprous oxide will 
cause some rejection of the latter to the 
grain boundaries with some weakening 
effect. Thus, in carbon-arc welding of 
tough-pitch copper an efficiency of only 
70 to 90% may be expected in the weld 
even if there is no hydrogen present in 
the arc atmosphere. The use of a deoxi¬ 
dized copper base metal avoids weak¬ 
nesses resulting from the presence of 
cuprous oxide in the base metal. 

Copper, when heated to redness in air 
or oxygen, always develops two oxides, 
the black cupric oxide, CuO, at the oxide- 
air interface and the ruby red cuprous 
oxide, Cu 2 0, at the copper-copper oxide 
interface. Neither of these oxides on the 
surface of the solid metal or molten weld 


metal offers any difficulty in welding, 
brazing or soft-soldering operations.’ 
lhey are easily fluxed and reduced. 

Deoxidized Copper .—Copper sheet and 
plate which is to be joined by fusion weld¬ 
ing should be manufactured especially for 
the purpose. This type of copper is com¬ 
monly deoxidized with phosphorus of 
which only about 0.01 to 0.05% remains 
in the metal. The deoxidized copper may 
also be deoxidized with silicon. 

Most of the major alloying elements 
used with copper are more active chemi¬ 
cally than copper and, therefore, form 
oxides preferential to copper or reduce 
copper oxide if present in the molten 
metal. Hence, in brazing or welding 
operations in copper alloys, the major 
concern is surface oxides. 

Effects of Major Alloying Elements 

Aluminum .—Aluminum bronzes having 
aluminum up to 10% in wrought metal, 
and up to 14.5% in cast metal, the re¬ 
mainder being copper alone or copper 
with minor additions of iron, nickel, tin, 
and/or manganese, are characterized in 
the hot, solid state by good ductility and 
nonscaling qualities. The scale-resist- 
ing property is due to a thin, continuous 
coating of the refractory aluminum tri¬ 
oxide, which is also responsible for the 
difficulty encountered in gas welding the 
aluminum bronzes. 

Ordinary blanketing action of the metal 
with the oxy-acetylene gases and usual 
fluxes is futile as the aluminum will re¬ 
duce water vapor or take oxygen from 
the borax flux. In carbon-arc welding, 
the metal is melted rapidly and a very 
satisfactory weld can be made. Shielded 
metal-arc welding is done in more than 
one pass and the oxide should be ground 
from the surface before a second deposit 
is made. The aluminum bronzes have 
excellent strength, hardness and wear-re¬ 
sistant properties which are obtainable to 
a considerable extent in a properly ap¬ 
plied weld metal. 

Arsenic .—Arsenic causes no interfering 
or beneficial metallurgical reactions in 
welding operations. It is used in locomo¬ 
tive firebox and staybolt copper in Europe 
to improve the workability, strength and 
fire resistance of copper at elevated tem¬ 
peratures. 

Beryllium .—Alloyed with copper to the 
extent of 2Ve% or less, beryllium forms 
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a high-strength, heat-treatable alloy which 
is difficult to gas weld because of the 
formation of the refractory, continuous, 
unfluxible oxide on the molten metal. It 
becomes folded into new deposits prevent¬ 
ing a satisfactory confluence of the newly 
fused metal with that previously melted. 
The more rapid action of the carbon arc 
makes it possible to form a satisfactory 
fusion weld or to flow beryllium copper 
on solid copper or steel. Such welds are 
soft, and a full heat treatment is neces¬ 
sary to obtain full strength. In deposits 
of two or more passes, the oxide of the 
first pass should be ground off before 
another deposit is made. 

Cadmium .—This element in copper to 
the extent of V/*% offers no serious 
difficulty in arc- and gas-welding opera¬ 
tions. It evaporates rather easily at the 
welding temperature of its copper alloy. 
A small amount of the heavy oxide may 
be entrapped in the molten metal, but 
as it is fluxed without difficulty, this 
is not serious. It is welded by gas and 
carbon-arc welding. 

Chromium .—Like aluminum and beryl¬ 
lium, chromium forms on the weld pool 
of the copper-chromium alloy (which 
rarely contains more than 1% chromium) 
a refractory oxide which makes gas weld¬ 
ing difficult except with special fluxes. 
Carbon-arc welding is possible, but the 
weld rccpiires a full heat treatment to 
enable the maximum hardness, strength 
and conductivity to be obtained. 

Iron .—Used in very limited proportions 
of 0.5 to 1% in manganese bronze and 
somewhat higher proportions in aluminum 
bronze, iron interposes no difficulty in gas 
or arc welding. 

Lead .—Pure lead can be gas welded 
without difficulty though the weight and 
fluidity of the molten metal make vertical 
or overhead welding difficult. In the cop¬ 
per alloys, it gives trouble in neutral 
flame, gas welding by reason of hot-short¬ 
ness and high specific gravity and in¬ 
stability of the oxide. 

Lead is used in cast copper alloys in 
amounts of 0.5 to 20% and from 0.5 to 
3.5% in the forged, extruded and drawn 
copper alloys to make them freely machin¬ 
able. It does not alloy with copper, brass 
or bronze to any appreciable extent but 
exists in the solid metal as very small 
droplets of nearly pure lead. Lead in 
a bronze bearing acts to a limited ex¬ 
tent as a solid lubricant. It melts and 


begins to sweat onto the surface as soon 
as the temperature of the solid copper, 
brass or bronze reaches 621 °F. (327°C.) 

Manganese .—This element, occurring in 
the usual commercial copper alloys such 
as manganese bronze, manganese deoxi¬ 
dized copper and copper silicon alloys in 
proportions of 0.05 to Vf a% offers no 
difficulty in gas-or arc-welding operations 
The high oxide is unstable, but the low 
one is not, and it is readily fluxed. In 
copper alloys containing no silicon, man¬ 
ganese is evidenced in gas welding by the 
presence of high-velocity, dull red sparks 
from the melting metal. In any alloy con¬ 
taining both manganese and silicon, no 
sparks are thrown off, but the manganese 
oxide combines with the silicon and cop¬ 
per oxides to form a low-melting, flux¬ 
like glass. 

Manganese is used as a deoxidizer and 
desulfurizer in the copper-nickel alloys. 
High-manganese copper alloys have 
special electrical resistance properties but 
have little interest in welding. 

Nickel. —The nickel oxide does not 
form on the hot, solid metal at as low 
a temperature as do the oxides of alumi¬ 
num, beryllium, chromium and silicon. 
The copper-nickel alloys are, therefore, 
easier to soft-solder than alloys contain¬ 
ing these other four elements. In braz¬ 
ing operations, the nickel oxide offers no 
appreciable interference. 

In gas welding, however, the nickel 
oxide may interfere with the flowing of 
the metal. It is a closely clinging, re¬ 
fractory film which causes the metal to 
solidify with a rough, cinder-like surface. 
Difficulties from this source can be 
avoided by the initial application of a 
heavy paste of boron suboxide or other 
suitable flux. 

In all of the copper-nickel alloys, it is 
important that there be sufficient deoxi¬ 
dizer or desulfurizer so that there will 
be a residual amount of a few hundredths 
of one percent in the solidified weld metal. 
Manganese is the element most often used 
for this purpose. In the nickel silvers, 
the zinc serves in this manner as well as 
being a major alloying constituent. 

Difficulty from the nickel oxide is also 
avoided by the use of coated electrodes. 

Nickel, added to copper in proportions 
from 10 to 30%, improves strength and 
durability and confers a white color to 
the alloy. 

Phosphorus .—When used in larger 
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amounts than 0.25%, as for example 4 to 
8%, phosphorus acts much the same as 
when used in smaller amounts, i.e., the 
phosphorus will evaporate slowly from 
the melt keeping the oxide from forming 
on the surface and resulting in a bright 
weld pool. 

In small amounts, leaving 0.01 to 0.50% 
in the metal, as in phosphor bronze, phos¬ 
phorus acts as a powerful deoxidizer for 
copper and tin, the resulting phosphorus 
oxide evaporating from the melt. 

Except in phosphorous-copper brazing 
alloys, phosphorus is not used as an alloy¬ 
ing element in the copper alloys. Its 
benefits, including improved soundness, 
are the indirect result of its deoxidizing 
effect and improved fluidity of the molten 
metal. 

Silicon .—Silicon is used both as a de¬ 
oxidizer and as a major alloying element 
to improve strength, workability and 
ductility. The alloy containing it cannot 
be melted either by gas or arc welding 
without the formation of a continuous 
film of liquid glass on the weld pool. 
The silicon oxide forms on the solid metal 
at temperatures as low as 400°F. (204°C.) 
interfering with soft-soldering operations 
unless a flux is applied before the metal 
is heated. On the molten metal, this 
film is flux-like in nature and protects it 
from further oxidation and contamination 
from the welding gases. It offers no 
difficulty in brazing operations with silver 
alloys. 

Water vapor in the weld metal may 
cause porosity. If it is permitted to come 
up through the weld metal when the latter 
is being quickly fused and quickly solidi¬ 
fied, a bad bright-surfaced porosity devel¬ 
ops in the weld metal. This is attributed 
to the reaction 2H 2 0 + Si = Si0 2 -j- 4H. 
In oxy-acetylene welding, the much longer 
heating period allows the water to evapo¬ 
rate from the plates and flux before actual 
fusion begins, and the water vapor in the 
torch flame cannot get into the metal 
through the impervious liquid silica glass 
film. Gas welds are, therefore, quite free 
from this type of porosity. Inert-gas 
metal-arc welds may be especially strong 
and sound. 

The copper-silicon alloys have good 
ductility at room temperature and also at 
elevated temperatures, having exception¬ 
ally good forgeability in the range be¬ 
tween 1200°F. (649°C.) and 1600°F. 

(871 °C.). Near the melting point, the 


metal is hot-short and care must be exer¬ 
cised in bending or stressing the metal 
until its temperature has dropped below 
1700°F. (927°C.). In the case of arc 

welding, the time in passing through this 
hot-short temperature range is very brief 
so that little trouble is experienced from 
contraction during this critical range ex¬ 
cept in laying on the initial bead in very 
heavy and rigid plates. 

Silver .—Owing to its cost, silver is not 
commonly used as a major alloying con¬ 
stituent except as a silver brazing alloy. 
As a minor constituent, in proportions up 
to 0.04%, it is responsible for a decided 
improvement in the annealing temperature 
of copper. In amounts of approximately 
1%, it is used in copper welding rods with 
a very slight advantage in causing a 
lowered melting point and smaller grain 
size. It does not improve the strength, 
soundness or ductility. 

Tin .—Tin is one of the four most impor¬ 
tant major alloying elements used with 
copper. It is employed in amounts up to 
11% in wrought alloys and in larger 
amounts up to 30% in cast alloys. Tin 
has a decided hardening and strengthen¬ 
ing effect on copper. The phosphor 
bronzes have excellent durability and wear 
resistance. 

In welding operations where the tin 
is not protected by a deoxidizer, such as 
phosphorus or zinc, the tin oxidizes pref¬ 
erentially to the copper, and the tin oxide 
is prone to be caught in the weld metal 
making the latter weak. The tin oxide 
is, however, easily fluxed. It does not 
form a complete crust over the weld pool 
as do some of the elements mentioned 
above. Tin has a high boiling point so 
that no metal is lost by evaporation even 
when superheated with the torch or arc. 

Zinc .—Zinc is commercially the most 
important alloying element used with cop¬ 
per. It is used in cold- and hot-worked 
brasses in amounts up to 41% and in 
brazing alloys in amounts up to 50%. 
A characteristic of all of these copper-zinc 
alloys is the relative ease with which zinc 
is evaporated from the molten metal with 
but very slight superheat. 

The zinc oxide is easily fluxed. Very 
little of it appears on the molten weld 
unless a strongly oxidizing flame is used, 
in which case a film forms which sup¬ 
presses, in a large measure, the further 
evaporation until the metal is given an 
appreciable superheat. A film of silica 
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glass is also useful in this respect, a 
fractional percent of silicon being a con¬ 
stituent of many of the yellow bronze 
welding rods. 

These welding rods all have sufficient 
zinc, 38 to 41%, to develop in the weld 
metal a considerable proportion of the 
hard, strong beta brass constituent. For¬ 
tunately, this beta constituent is soft and 
ductile in the temperature range between 
its melting point and about 875 °F. 
(468°C.). Hence, there is no danger of 
hot-short cracks forming in such weld 
metal, and residual stresses do not build 
up to serious proportions even when such 
weld metal is used in very rigid welds in 
heavy cast-iron and steel sections. 

Zinc does not cause so abrupt a re¬ 
duction in electrical and thermal con¬ 
ductivity in copper as do many of the other 
elements. The brasses, therefore, require 
considerable heat when being welded, 
especially with zinc contents of 5 to 15% 
—the gilding metals, commercial bronzes 
and red brasses. 

Effect of High-Thermal Conductivity 
of Copper 

The high-thermal conductivity of copper, 
commercial bronze and red brass should 
he mentioned as it is the property which 
gives the most trouble in welding opera¬ 
tions. Thus, in raising the temperature 
of the edge of a copper sheet to the fusion 
point, difficulty is experienced owing to 
the rapid transfer of the heat to the more 
remote parts of the metal. 

It is often necessary, therefore, to pre¬ 
heat before the welding temperature can 
he attained in the desired location. The 
preheat temperature may be from 600 to 
1000°F. (316 to 538°C.) in the area near 
the weld before actual welding can be 
done with any reasonable speed. 

In spot and seam welding, the electrical 
and thermal conductivities of copper make 
these processes difficult if not commer¬ 
cially impracticable. 

However, brass, bronze, the copper- 
nickel and copper-silicon alloys can be 
readily spot and seam welded though 
special procedures are sometimes required. 
A small addition of silicon to brass im¬ 
proves the latter materially for such join¬ 
ing methods. 

Effect of Welding Heat 

The cold-work strength obtainable in 
a copper alloy may be, in the case of some 


spring wire, as much as 350% of the 
annealed strength, but usually for copper 
and brass it varies from 110 to 200% of 
the annealed strength depending upon the 
degree of strength, hardness and residual 
ductility desired. 

An application of heat of sufficient 
intensity and for a sufficient time to a 
copper alloy which has been thus cold- 
work hardened, will first cause relief of 
its residual stress and then recrystallize 
and soften the metal. The temperature at 
which this softening or annealing begins 
depends upon the composition and upon the 
amount of previous cold-work. In gen¬ 
eral, it is lowest for pure copper, a tem¬ 
perature of 374°F. (190°C.) for a short 
time causing some softening. Hence, 
cold-rolled, pure copper can be softened 
appreciably by the moderate temperatures, 
420 to 470 °F. (216 to 243°C.), used in 
soft-soldering operations. The higher 
temperatures of brazing and welding will, 
of course, anneal it completely. 

Copper for fabrication into sheets, tubes 
and wires, which are strengthened by 
cold-work, is often improved in it > 
annealing temperature by small additions 
of other elements. Thus, the additions oi 
elements used singly will raise the soften 
ing point of cold-worked copper to ap¬ 
proximately the following temperatures: 



% 

Approximate Soft 


Added 

ening Temperature 


to 

of Work-Hardened 

Element 

Copper 

Copper, °F. 

Silver 

0.10 

617 (325°C.) 

Arsenic 

0.10 

4 82 (250°C.) 

Phosphorus 

0.10 

617 (325°C.) 

Antimony 

0.10 

707 (375°C.) 


Thus, the alloying of the copper with 
only a few hundredths percent of one of 
these elements will make it quite resistant 
to any heat effect (softening) in soft 
soldering operations. Cold-drawn de¬ 
oxidized copper tubing, for example, 
which carries 0.01 to 0.03% phosphorus 
can be safely soft-soldered with little, if 
any, annealing effect. 

Where the copper is alloyed with 
appreciable amounts of other elements 
as is the case with brass, bronze, copper- 
silver, copper-nickel, aluminum bronze and 
copper-cadmium alloys, etc., the softening 
effect of heat rarely begins at tempera¬ 
tures below 500° F. (260°C.) and even at 
temperatures as high as 1200°F. (649°C.), 
and an appreciable length of time is re¬ 
quired for complete annealing. Hence, 
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most of these cold-worked commercial 
copper, alloys may, as far as softening 
effect is concerned, be soft-soldered with 
no loss of strength. Also, since the heat¬ 
ing period for most brazing operations 
with silver alloys is so short, they may 
be silver-brazed at 1200°F. and still retain 
a considerable proportion of their cold- 
work strength. 

Aside from precipitation-hardening 
treatments in the beryllium, chromium 
and nickel-silicon copper alloys, the man¬ 
ner of cooling, i.e., slow cooling or quench 
cooling from a high temperature, makes 
little difference with most copper alloys. 
The metal will be soft anyway. This is 
true of copper alloys in the alpha phase, 
such as: 

Copper and deoxidized coppers with 
98% copper or higher. 

Brasses with 35% or less of zinc. 

Bronzes with 8% or less of tin. 

Cupro-nickels with 30% nickel or 
less. 

Copper-silicons with 3% or less of 
silicon. 

Nickel silvers with 25% or less of 
zinc and 18% or less of nickel. 

Aluminum bronzes wth 8% alumi¬ 
num or less. 

Copper-cadmiums with 1% cadmium 
or less. 

Copper-manganeses with 20% man¬ 
ganese or less. 

The above alloys can be hardened only 
by cold-work, not at all by heat treatment, 
welding, brazing, etc. 

There are, however, some important 
copper alloys which have other than the 
solid solution (alpha) metallurgical phase 
which may be affected by quick cooling. 
For example, such alloys as those with 
zinc, tin, aluminum, silicon and/or cad¬ 
mium, having higher percentages than 
those noted above for the approximate 
upper limit of the alpha phase, may retain 
more of the beta phase if quenched from 
the annealing temperature than if slow 
cooled. 

Beta brass, for example, may be harder 
if quenched from the annealing or welding 
temperature than if slowly cooled, though 
the difference is slight compared to the 
sharp difference in hardness between 
quenched and slowly cooled high-carbon 
steels. This effect explains in a measure 
the excellent strengths and hardnesses 
obtainable with cast metal and weld metal 
in the manganese bronzes, Tobin bronze, 


extruded brasses, high-tin and high-alumi¬ 
num bronzes. 

In the case of the precipitation-harden¬ 
ing metals, beryllium-copper, chromium- 
copper and nickel-silicon-copper alloys, 
heating effects depend on the initial con¬ 
dition of the metal. If the metal is in the 
solid solution condition, i.e., softest condi¬ 
tion, heating for a limited time and tem¬ 
perature will harden the metal, though 
in every case the welding temperature is 
too high for this purpose, and the fused 
metal will be soft though the surrounding 
metal may be hardened. 

If the metal has already been given its 
precipitation-hardening treatment, any 
further heating at a higher temperature 
will cause softening to some degree. 

Chromium copper will operate at rea¬ 
sonably high service temperatures, e.g.,. 
as resistance spot, seam and flash-welding 
electrodes, after it is given its full harden¬ 
ing treatment, without undue softening. 

An elevated temperature for a suitable 
time will stress-relieve copper alloys as 
readily as is the case with the ferrous 
metals. However, it is rarely necessary 
to resort to such measures to relieve 
locked-up stresses resulting from welding 
operations. It is sometimes necessary in 
order to prevent season cracking to re¬ 
duce the residual stress resulting from 
severe cold-work on high-zinc brass, 
high-silicon alloys, nickel-silver, alumi¬ 
num and manganese alloys, and phos¬ 
phor bronze. 

Unimportant in copper alloys in the as- 
cast or as-welded state, but of major 
importance in cold-worked metals which 
are to be reheated, is the recrystallizing 
effect. Cold-worked metal has absorbed 
and retained some of the cold-work energy 
imparted to it in the cold-rolling, cold¬ 
drawing or cold-hammering, bending, 
pulling or twisting operations. 

The energy is not, however, absorbed 
uniformly by a volume of metal nor by 
the volume of a crystal (grain) of the 
metal. There are high points and low 
points of this energy distribution. Hence, 
when the metal is heated as in a welding 
or annealing process, the points of high 
energy act as focal points for new grains, 
and the metal recrystallizes when a suit¬ 
able temperature is reached. These grains 
grow as the temperature is increased so 
that the size of the grains is taken in 
some cases as a measure of the heating 
temperature value. 
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In common with most other metals, cop¬ 
per alloys will develop a bond rapidly with 
soft solders and brazing alloys. Not 
much information has been published on 
the exact mechanism of this bond. 

Aside from the effects described above, 
the only other result of welding or braz¬ 
ing operations on copper and copper al¬ 
loys in the solid base metal adjacent to 
the weld is a slight enlargement of the 
grain. Since this grain size rarely be¬ 
comes so great as that of the weld metal, 
it may usually be disregarded. No harm¬ 
ful chemical or solution changes take 
place in the heat-affected zone except in 
the case of beryllium-copper, nickel-sili¬ 
con copper or chrome copper in which 
there may be an undesirable softening of 
the heat-treated alloy. 

In none of the copper alloys is there a 
hard, brittle constituent developed com¬ 
parable to the martensite in chilled steel. 
No matter how quickly the weld metal 
is solidified and cooled, it is always rela¬ 
tively soft and the yield strength relatively 
low. Hence, a stress-relief heat treat¬ 
ment is not so necessary in the copper 
alloys as it is in the ferrous metals. 

However, the weld metal in a copper 
alloy weld in common with other metals 
partakes of the nature of soft cast metal 
with large grains and a columnar struc¬ 
ture. It may be desirable, therefore, to 
give the weld metal a suitable aftertreat¬ 
ment when a fine grain with the maxi¬ 
mum in strength and ductility of the 
finished weld is required. 

The aftertreatment which is most 
effective is a severe peening of the cold 
weld metal followed by a short-time an¬ 
neal at 1200°F. (649° C.). A slow pas¬ 
sage of the oxy-acetylene flame along the 
peened weld, bringing the metal to a very 
dull red estimated at 1100 to 1200°F. (593 
to 649°C.), is sufficient to recrystallize the 
metal without fully softening it. 

Hot forging of the weld in copper will 
improve its quality, but it is not often 
applied in this country. 

Mill processes such as cold-rolling or 
cold-drawing followed by an anneal will 
recrystallize and very nearly obliterate 
a resistance flash weld, an autogeneous arc 
weld or a silver braze (except for the 
actual silver-brazed surfaces). 

ALUMINUM AND ALUMINUM 

ALLOYS 

An understanding of the metallurgical 
effects of welding products of aluminum 


and aluminum alloys requires some basic 
knowledge of the properties and struc¬ 
tures. There are two broad classifi¬ 
cations of aluminum alloys, i.e. (1) non- 
heat-treatable and (2) heat-treatable. 
Strengths of pure aluminum and the non¬ 
heat-treatable alloys are developed by 
strain-hardening and by alloying ele¬ 
ments which effect some increases in 
strengths either as dispersed phases or 
solid solutes in the aluminum. Manga¬ 
nese is the principal dispersoid type alloy¬ 
ing element and alloy 3S the chief ex¬ 
ample. Magnesium is the principal 
soluble alloying element in the non-heat- 
treatable class of aluminum alloys, with 
4S and 52S the chief examples. In the 
annealed or soft temper ( —O), the com¬ 
position of the alloy wholly controls the 
strengths while in the strain-hardened 
or —H series of tempers the degree of 
strain-hardening is the controlling factor. 

The alloying elements in Class 2 alumi¬ 
num alloys are dissolved in the aluminum 
at a high temperature by a process com¬ 
monly known as solution heat treatment, 
and maintained in solid solution by quench¬ 
ing from this temperature. The solution 
(ff specific elements or compounds in alu¬ 
minum governs the strengths of these 
alloys in the as-quenched temper. Addi¬ 
tional increases in strengths are effected 
by precipitation of a portion of the soluble 
elements in finely divided form. Precipi¬ 
tation may take place at room tempera¬ 
ture following quenching or may be ac¬ 
celerated by a thermal treatment at a 
moderately elevated temperature (i.e., 210 
to 350 3 F.) (99 to 177°C), producing the 
— T4 cr —T6 tempers. Alloys susceptible 
to either of these precipitation treatments 
are designated as age-Jiardcnable. 
Strengths may also be increased by strain¬ 
hardening after heat treatment which 
may or may not be followed by artificial 
aging. In the annealed or soft temper 
(— O), the composition of the alloy 
wholly controls the strengths as is the 
case with the non-heat-treatable alloys. 

The heat-treatable alloys can be divided 
into classes containing the following 
principal alloying elements: 

Elements Alloys 

(а) Mg and Si 53S, 61S, 63S, R353 

and R361 

(б) Cu and Mg, Cu. 24S. 14S, and Hard- 

Mg and S» clad R301 

(duralumin type) 

(c) Zn, Mg and Cu 75S 

The heat of welding decreases the 
strengths of both non-heat-treatable and 
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heat-treatable aluminum alloys and may 
in some cases also lower their resistance 
to corrosion. The effects of strain-harden¬ 
ing in the non-heat-treatable Class 1 are 
partially or wholly destroyed by heat, 
depending upon the temperature attained 
coupled with the time maintained at tem¬ 
peratures of about 400°F. (204°C.), or 
more. The effects of solution heat treat¬ 
ment and precipitation treatments for 
Class 2 aluminum alloys are adversely 
affected by the heat of welding. The 
extent of the detrimental effect increases 
with temperature and time at tempera¬ 
tures oyer 400°F. (204°C.). The alloys 
containing substantial amounts of copper 
suffer not only from loss of strength but 
also from loss in resistance to corrosion 
when subjected to the heat of welding. 

The factors determining the heat of 
welding are multiple; however, two of 
the controlling conditions in welding and 
brazing are the melting point of the 
base or plate material, and the melting 
point of the filler metal. It is possible 
to weld thin sections of aluminum without 
employing filler metal. The exact thermal 
cycle through which the materials prog¬ 
ress or the rate of heating and cooling 
is determined mainly by the welding 
process, the thickness of the part, and the 
geometry of the joint. 

In welded or brazed joints there are 
always two types of material to be con¬ 
sidered: i.e., the weld metal or deposit, 
which is a casting; and the plate or base 
material which may be wrought or cast. 

The physical properties of cast alumi¬ 
num in the weld zone are influenced by 
the composition and the rate of solidifica¬ 
tion. Cast metal is not as strong or as 
ductile as wrought metal, in general, for 
a given aluminum alloy. 

The weld deposit, when filler metal is 
used, is an alloy formed from a mixture 
of the filler metal with the base metal. 
The extent of fusion and incorporation 
of either base metal or sublayer of added 
weld metal, in multipass welds, is a func¬ 
tion of the filler metal, plus the welding 
technique and all the factors affecting 
heat input and transfer away from the 
molten pool. A high rate of cooling is 
usually desirable for attainment of maxi¬ 
mum strength. 

Alloys do not solidify at a fixed tem¬ 
perature but oyer a range. Solidification 
begins at the liquidus and is complete at 
the solidus with a resultant mixture of 


solid and liquid extending over what is 
called the mushy stage. (See Fig. 2.) 
It is preferable for a filler metal to have 
a low melting point and to solidify over 
a range. Thus, when the weld metal cools 
the filler metal solidifies last and the con¬ 
traction stresses that are sometimes suffi¬ 
cient to cause cracking at the edge of the 
weld bead are taken up by the casting in 
the mushy stage during solidification. 
The filler metal must have a high degree 
of fluidity, and have sufficient strength 
and ductility at elevated temperatures to 
withstand the stresses imposed by the 
thermal and solidification contractions. 
Since the fusion zone is apt to be weak 
in welds of aluminum alloys, the impor¬ 
tance of the composition and structure of 
this alloy must be recognized. 

The selection of filler metal is based 
on welding characteristics, such as fluidity 
and cracking tendency, on corrosion re¬ 
quirements or strength requirements. The 
alloy 2S (commercially pure aluminum) 
is employed as filler metal when maximum 
resistance to corrosion and high ductility 
are of prime importance in the weldment 
and strength is a minor factor. The 
alloy 43S, which contains 95% aluminum 
and 5% silicon, is generally employed 
where greater strength is required. Other 
aluminum alloys, including parent or base 
metal, are employed on occasion for 
specific applications when the strength 
or resistance to corrosion requirements of 
the weldment are such that special pro¬ 
cedures or welding technique may be 
employed. 

The effect of the welding process upon 
the aluminum-base metal varies with dis¬ 
tance from the weld and may be divided 
roughly into areas which reflect the tem¬ 
peratures attained by the metal. Ob¬ 
viously, these areas or zones are not 
sharply defined as the heat distribution 
changes from point to point. 

The width (See Fig. 1, Chapter 32) of 
these areas or their distance from the 
weld will vary with the welding process 
and the thickness or geometry of the 
part. The strengths of the base metal 
may be fairly high in the solid solution 
area which is always quite narrow. The 
annealed area is broader, usually extend¬ 
ing about four to six times the thickness 
of the material on each side of the joint, 
and the strengths are considerably lower 
resulting from the precipitation of sol¬ 
uble constituents as coarse particles. The 
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overaged zone is characterized by excess 
precipitation of finely divided particles. 
Strengths are somewhat lower than those 
of the unaffected zone at a greater dis¬ 
tance from the weld. The areas for the 
non-heat-treatable alloys are usually 
limited to three as shown in Fig. 2 of 
Chapter 34. 

Reheat treatment after the welding 
operation is sometimes feasible and re¬ 
sults in a substantial increase in joint 
strength. The design and geometry of the 
part determine the practicability of such 
an operation. Heat treating after welding 
dissolves soluble constituents in the weld 
metal and all of the coarse and fine pre¬ 
cipitated particles in the base plate. A 
more homogeneous condition results 
throughout the cast and wrought mate¬ 
rials, respectively. Quenching retains 
this solid-solution condition while subse¬ 
quent precipitation, at room temperature 
or at a moderately elevated temperature 


when artificial aging is employed, takes 
place fairly uniformly in the form of 
finely divided particles. Thus, the maxi¬ 
mum strengths and resistance to corro¬ 
sion of the base plate are realized, how¬ 
ever, with a sacrifice in ductility, and the 
strength of the joint is dependent upon 
that of the cast material in the weld zone. 

The metallurgical effect when welding 
the cast alloys is similar to that described 
above for the wrought materials. 
Foundry welding to salvage cast parts by 
rewelding defects is frequently required. 
In this case, welding should be completed 
prior to heat treatment. The welding of 
cast to wrought parts, e.g., in the form 
of cast fittings or tubing or tankage, is 
also done. Some impairment of heat 
treatment in the casting is obtained after 
welding and this must be considered in 
arriving at the cross sections to carry the 
loads. It is not usually feasible to heat- 
treat, after welding castings to wrought 
parts. 
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CHAPTER 4 


GAS WELDING EQUIPMENT 

AND MATERIALS* 


INTRODUCTION 


Gas welding is a group of welding 
processes wherein coalescence is produced 
by heating with a gas flame or flames, 
with or without the application of pres¬ 
sure, and with or without the use of filler 
metal. This fundamental and basic defi¬ 
nition implies that the gases are available, 
that the gas pressures have been regulated 
to safe working pressures, and that the 
gases have been conveyed through hoses 
to a torch and tip. These gases are mixed 
in their proper proportions in the torch 
and the mixture is burned at the end of 
the tip, producing a controllable flame 
which is capable of developing the in¬ 
tense heat necessary for welding. A 
clearer understanding of the relationship 
of these basic units may be obtained from 
big. 1, which illustrates two gas cylinders 
(one fuel gas, the other oxygen), regu¬ 
lators for reducing cylinder pressure to 
working pressure, hoses for conveying the 
gases to the torch and the torch and tip 
combination where the gases are con¬ 
trolled and mixed. 

I-ach of the units mentioned above plays 
an essential part in the controlling and 
directing of the heat employed in gas 
welding, torch brazing, gas heating, etc. 
T he heat is obtained from combustion 
of the gases, but the effectiveness of this 
heat is governed to a large extent by the 
ability of the operator. Proper training 
of the operator and careful selection of 
the equipment used is essential to the pro¬ 
duction of high quality work. 

An analysis of essential welding equip¬ 
ment and its effect on the welded joint is 
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described in detail under the headings 
that follow. 


GASES 

Gas welding covers many processes em¬ 
ploying different fuel gases. All of these 
gases, however, react chemically with 
oxygen in a manner differing little from 
that of the classic fuels, such as wood, 
coal or fuel oils, that have been employed 
for centuries. They all require oxygen to 
support combustion (burn). Within cer¬ 
tain limits the flame temperature in¬ 
creases as the amount of oxygen in the 
gas mixture is increased. 

The three characteristics of all fuel 
gases that are of major importance as 
far as welding is concerned are: 

1. The maximum flame temperature 

that may be obtained, 

2. I he quantity of heat that may be 

obtained from a unit quantity of 

the gas, and 

3. The chemical action of the flame on 

the material being welded. 

The temperature of the flame is evalu¬ 
ated by either the Fahrenheit or Centi¬ 
grade scale, while the heat quantity is 
based upon either the English system 
measured in British Thermal Units 
(Btu.) or the metric system expressed in 
kilogram calories (Kg.-cal.). These 
units may be converted from one to the 
other by use of the following factors: 

1 Kg.-cal. = 3.968 Btu. 

Tables 1, 2 and 3 list some of the in¬ 
trinsic characteristics of a few of the 
gases that are commercially available. 

Acetylene 

The fuel gas most widely used in gas 
welding is acetylene. A compound of car¬ 
bon and hydrogen (C 2 H 2 ), the gas contains 
92-3% carbon and 7.7% hydrogen by 
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weight. It is colorless but has a character¬ 
istic sweet and easily distinguished odor, 
not unlike that of garlic. Acetylene is a 
highly combustible compound and also 
liberates heat upon decomposition. Thus 
whenever it is subjected to excessive heat 
or pressure, the bonds uniting the carbon 
and hydrogen atoms break down with a 
resulting liberation of heat. Acetylene 
contains a higher percentage of carbon 
than any of the numerous hydrocarbons. 
This combination gives the oxy-acety- 
lene mixture the hottest flame of any 
commercially used gas, the temperature of 
which has been calculated to be near 

6000° F. 


tity of water in an acetylene generator at 
all times. 

Acetylene in contact with copper, mer¬ 
cury or silver, especially if impurities are 
present, may form acetylides. These lat¬ 
ter compounds are violently explosive and 
can be detonated by a slight shock or by 
the application of heat. For this reason, 
no alloy containing copper in excess of 
67% should be used in any acetylene sys¬ 
tem. 

Generation 

Acetylene is the product of a chemical 
reaction. Calcium carbide (CaCs) is al¬ 
lowed to react with water. In the action 
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Fig. 1.—Basic Gas Welding Equipment 


As mentioned above, pure acetylene 
may decompose explosively into its con¬ 
stituents with an evolution of considerable 
heat. At temperatures above 1435° F. or 
pressures above 30 psi. gage, the gas is 
unstable and additional heat may start an 
explosive decomposition that will involve 
the whole body of the gas. It has there¬ 
fore become an accepted safe practice 
never to use acetylene at a pressure ex¬ 
ceeding 15 psi. gage. Also, as a protec¬ 
tion against excessive temperatures, it is 
necessary to maintain a prescribed quan- 


the carbon of the carbide combines with 
the hydrogen of the water forming gas¬ 
eous acetylene, while a whitish residue of 
calcium hydroxide remains in the water. 
The chemical reaction equation is: 

CaC 2 + 2HaO = GH, + Ca(OH). 

Calcium Water Acetylene Calcium 
carbide hydroxide 

The carbide used in this process is pro¬ 
duced by the smelting of lime and coke 
in an electric furnace. Upon being re¬ 
moved from the furnace, it is crushed and 
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screened for size and packed in airtight 
containers. The most common size of 
these containers holds 100 lb. of the hard, 
grayish solid. 

Acetylene Generators .—Three distinct 
methods are currently employed in the 
generation of acetylene, namely, the car- 
bide-to-water, the water-to-carbide and 
the water recession methods. The so- 
called carbide-to-zvater method is used al¬ 
most exclusively in the United States. 
The construction of the generator used 
for this method allows small lumps of 
carbide to be discharged from a hopper 
into a relatively large body of water. 
This type of generator is schematically 
shown in Fig. 2. The details of its con¬ 
struction vary with different manufac¬ 
turers. However, all carbide-to-water 
generators may generally be classified 
into two types, low-pressure and medium- 
pressure generators. The former operates 
at pressures of 1 psi. gage or less while 
the latter produces acetylene at from 1 to 
IS psi. gage. 


water is brought into contact with the 
carbide by its own change in level. The 
water is held back by the pressure of the 
newly generated acetylene above it and 
as the gas pressure lessens, the water 
level rises. Then more water and car¬ 
bide come in contact, and, hence, more 
acetylene is developed. This in turn, 
raises the acetylene pressure forcing the 
water level down. 

The generation of acetylene evolves con¬ 
siderable amounts of heat and due to the 
unstable condition of acetylene at ele¬ 
vated temperatures, this heat must be dis¬ 
sipated. The relatively large volume of 
water employed in the carbide-to-water 
generator makes this type the best suited 
for dissipation of this heat. The water- 
to-carbide type, on the other hand, uses 
very limited amounts of water and there¬ 
fore possesses only slight heat absorbent 
qualities. 

Acetylene generators are available in 
both stationary and portable units in a 
great range of types and sizes. Generat- 
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A second type of acetylene generator, 
the water-to-carbide type, is used rarely 
in this country but has a greater popular¬ 
ity in Europe. Its fundamental operating 
principle is the same as that of the car¬ 
bide-to-water type but it differs in that 
water is allowed to drip on the calcium 
carbide. The carbide used in this method 
is usually in the form of brick or cakes, 
so as not to present too much surface area 
to the water. 

Another type of generator is the so- 
called water recession type, wherein 


ing capacities of these units range from 
12 cu. ft. per hr. for small portable units 
to 6000 cu. ft. per hr. for the larger sta¬ 
tionary industrial installations. Most 
generators currently in use operate auto¬ 
matically, after an initial setting of oper¬ 
ating pressure. They may generate the 
gas at the rate at which it is used or they 
may be set to generate at a rapid rate for 
a short duration of time, in which case 
the gas is stored and used when required. 

The water-carbide ratio employed in the 
generation of acetylene differs with the 
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type of installation. Generally, however, 
one gallon of water is used per pound of 
carbide. Water-recession generators us¬ 
ing specially processed carbide cakes will 
employ about Z U gallon of water per 
pound of carbide. 

The volumetric rate of acetylene gen¬ 
eration per pound of carbide also varies 
widely with different sizes and types of 
installation. Single rated automatic gen¬ 
erators should be limited to developing 
about one cu. ft. of acetylene per hr. per 
pound of carbide. The use of smaller 
sized carbide in a double rated generator 
permits generation at a rate of approxi¬ 
mately 2 cu. ft. per hr. per pound of car¬ 
bide. Generators with a high water ca¬ 
pacity may increase this production con¬ 
siderably. 

Acetylene Cylinders 

Free acetylene may, under certain pres¬ 
sure and temperature conditions, disso¬ 
ciate explosively into its constituents. 
Because of this danger, cylinders to be 
filled with acetylene are initially packed 
with a porous filler. To the filler is added 
acetone, a solvent agent capable of ab¬ 
sorbing 25 times its own volume of acety¬ 
lene per atmosphere of pressure. By so 
dissolving the acetylene and dividing the 
interior of the cylinder into small, partly 
separated cells, a safe acetylene-filled 
container has been created. 

Acetylene cylinders are available in 
sizes containing from 40 to 300 cu. ft. of 
the gas. They are equipped with fusible 
safety plugs as a protection against ex¬ 
cessive cylinder pressures. These plugs 
are composed of a low melting point 
metal, fusing at about 210° F. When ex¬ 
posed to excessive heat, the plugs melt, 
allowing the gas in the cylinder to escape. 

Safety Precautions 

When dealing with acetylene, it must 
be remembered that the compound is a 
fuel gas and, as such, will burn readily. 
Therefore, it must be kept away from 
open fire. Acetylene should never be used 
in torch equipment at pressures exceeding 
15 psi. gage. Acetylene cylinder and 
manifold pressures must always be re¬ 
duced through pressure reducing regu¬ 
lators; acetylene pipe-line pressures 
should be controlled through suitable pipe¬ 
line regulators. Cylinders should always 
be protected against excessive tempera¬ 
ture rises and should be stored in well 


ventilated, clean and dry locations. They 
must be stored and used with the valve 
end up. 

Hydraulic Seals .—An important pro¬ 
tective device is the hydraulic seal or 
back-pressure valve, which acts to pre¬ 
vent any backfires from passing into the 
manifold system, the generator or the 
pipe lines, as the case may be. Essen¬ 
tially, the seal prevents the passage of any 
fire through the liquid mixture, and also 
prevents the reverse flow of oxygen or 
oxy-acetylene mixture back into the mani¬ 
fold supply. These water seals must be 
an approved type. Also the proper water 
level must be maintained at all times, 
to insure reliable and safe operation. 

The Oxy-acetylene Flame 

The oxy-acetylene flame is easily con¬ 
trolled by valves on the welding torch 
(see section on Torches and Tips). By 
changing slightly the proportions of oxy¬ 
gen and acetylene fed to the flame, its 
chemical characteristics and consequently 
its action on molten metal can be varied 
over a wide range. 

The complete combustion of acetylene 
is represented by the chemical equation: 

2C 2 H 2 -f 50 2 = 4C0 2 + 2H.O 

which means that 2 volumes of acetylene 
(C 2 H 2 ) and 5 volumes of oxygen (0 2 ) 
react to produce 4 volumes of carbon 
dioxide and 2 volumes of water vapor. It 
is evident that for complete combustion, 
the volume ratio of oxygen to acetylene 
is 2 7. to 1. 

When acetylene burns in air, all of the 
oxygen required for combustion is, of 
course, obtained from the air. In produc¬ 
ing the oxy-acetylene flame, the acetylene 
is mixed with an equal volume of oxygen 
in the torch and the additional IV. vol¬ 
umes of oxygen necessary to complete the 
combustion are obtained from the air. 

Since the mixture issuing from the 
torch tip does not contain enough oxygen 
for complete combustion, the following 
reaction takes place in the zone of the 
flame right at the tip: 

2C 2 H 2 + 20 2 = 4CO + 2H a 

That is, 2 volumes of acetylene (C 2 H 2 ) 
and 2 volumes of oxygen (0 2 ) react to 
produce 4 volumes of carbon monoxide 
(CO) and 2 volumes of hydrogen (H 2 ). 

It is this reaction that produces the bril¬ 
liant inner cone of the flame. 
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In the outer envelope of the flame, the 
carbon monoxide and hydrogen burn with 
oxygen from the surrounding air, form¬ 
ing carbon dioxide and water vapor, re¬ 
spectively, as shown in the following two 
equations: 

4CO + 20, = 4CO, 

2H* -f- O, = 2H*0 

Although acetylene is the fuel gas most 
widely used in welding and cutting, some 
other fuel gases are employed. Among 
the most commonly used are propane, 
hydrogen, city gas and natural gas. These 
gases, with the exception of hydrogen, are 
not used for welding but are sometimes 
used for brazing. There are other gases 
available under various trade names, but 
these generally are commercial combina¬ 
tions of the various basic gases. 


frequently employed. Hydrogen is avail¬ 
able in seamless, drawn, steel cylinders 
charged to a pressure of about 2000 psi. 
at 70° F. Because the oxy-hydrogen flame 
is almost colorless, it is rather difficult to 
determine when it is neutral. Expe¬ 
rienced welders, however, experience little 
trouble in obtaining the proper oxygen- 
hydrogen ratio. 

Other Fuel Gases 

Manufactured gas is a mixture of 
carburetted water gas and/or coal gas en¬ 
riched with gas oils or natural gas. Its 
use as a preheating gas for cutting is 
limited by high fuel gas requirements. 

Natural gas generally is obtained from 
natural gas wells. Its chemical composi¬ 
tion will vary widely with different local¬ 
ities, the principal constituent being ineth- 


Tabl* 1—Ignition Temperatures and Limits of Inflammability of Various Fuel Gases 


Limits of Inflammability in Percentage by Volume 
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ignition temperature at 
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1094 

4.0 

74.2 
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Its volume 
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' preheating in oxygen cutting. 

source of this gas is the crude oil 
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gas mixtures obtained Irom active oil and 
natural gas wells. Propane is also pro- 
duced in certain oil-refining processes and 
from the recycling of natural gas. It is 
■ s old and transported in steel cylinders 
containing from 20 to 100 lh. of the lique¬ 
fied gas. 

Hydrogen 


ling, however, are, as a rule, about three 
times those of acetylene although its oxy¬ 
gen to fuel gas ratio is about twice that 
of acetvlene. 

m 

Methane, ethane, butane and other 
hydrocarlxjn compounds are used occa¬ 
sionally as fuel gases in oxygen cutting 
and in work where low’ flame tempera¬ 
tures are permissible. 

Comparative studies of the various fuel 
ga>es mentioned above may be made by 
referring to Tables 1, 2, and 3. 


Because of the relatively low tempera¬ 
ture of the oxy hydrogen flame, the use 
of hydrogen as a fuel gas is largely re¬ 
stricted to certain brazing operations and 
lo the welding <»f aluminum, magnesium, 
lead and similar metals. It is also used 
*ith oxygen in preheating for underwater 
cutting. (See Chapter 24 on Gas Cut- 
t'ug ) Hydrogen generally is obtained 
from the electrolysis of water. Other 
methods, including the dissociation of am- 
mouia and the Messerschmitt system (hot 
'‘team passed over iron filing-.), also arc 


Combustion Ratio 

An analysis of Column 8 in Table 2 
will indicate the volume of oxygen re¬ 
quired for complete combustion with any 
one of the fuel gases. As these data in¬ 
dicate, each unit volume of the particular 
fuel gas in question requires the number 
of unit oxygen volumes listed. These 
values for oxygen are also known as the 
oxygen to fuel gas combustion ratios or. 
simply, the gas ratios, or the combustion 
ratios. By simply multiplying the fuel 
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gas volumetric rate by this gas ratio, the 
theoretical volumetric rate of oxygen is 
found. 

If the maximum flame temperature for 
a particular gas combination is desired, 
Fig. 3, which also shows the temperature 
at various Cb/fuel-gas ratios may be 
consulted. 


20.99% ; Argon, 0.94%; Carbon Dioxide, 
Hydrogen, Neon, Helium, etc., 0.04%. 

In the extracting process, air is first 
compressed to about 3000 psi. (Some 
types of equipment operate at much lower 
maximum pressure.) It is then allowed 
to expand to a rather low pressure. In 
this latter step the air is substantially 



Fig. 3.-—Variation of Flame Temperature with Variations of Gas Combustion Ratio 


Oxygen 

Oxygen in the gaseous state is color¬ 
less, odorless and tasteless. It is found 
nearly everywhere in nature. One of its 
chief sources is the atmosphere, which is 
composed of about 21% oxygen by vol¬ 
ume. 

1 he characteristic which makes oxygen 
all-important in gas welding and cutting 
is its ability to support combustion. Al¬ 
though there is sufficient oxygen in the 
air to support combustion, the use of pure 
oxygen speeds up reactions and increases 
flame temperatures. 

Oxygen Preparation .—A substantial 
quantity of the oxygen used in industry is 
extracted from the atmosphere, which has 
the following chemical composition, by 
volume: Nitrogen, 78 03' V ; Oxygen. 


cooled and liquefaction occurs. The 
liquid air is then sprayed on a series of 
evaporating trays or plates in a so-called 
rectifying tower. The nitrogen and other 
gases in the liquid air boil at lower tern 
peratures than the oxygen and as these 
gases escape from the top of the tower, 
high purity liquid oxygen remains in a re¬ 
ceiving chamber at the base of the tower. 

Oxygen can also be produced by heat¬ 
ing mercuric oxide (IlgO), barium oxide 
fHaOa), potassium chlorate (KCIO.,) and 
other compounds containing oxygen, and 
by the electrolysis of water. In the last 
mentioned process, an electric current is 
passed through water containing an elec¬ 
trolyte such as caustic soda, to increase 
the electrical conductivity. The water 
will decompose, the oxygen collecting at 
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the positive pole and the hydrogen at the 
negative pole. 

Oxygen is distributed to the user as 
a compressed gas in individual cylinders 
or by one of several bulk distribution 
methods. In the individual cylinders the 
gas is usually under pressure of approxi¬ 
mately 2000 psi. Cylinders of various 
capacities are used, holding in the neigh¬ 
borhood of 70, 80, 122, 244 and 300 cu. ft. 
of gas. 

To satisfy the large consumption of 
some industries, gaseous oxygen may be 
transported from the producing plant to 
the user as a compressed gas in multi¬ 
cylinder portable banks or long high-pres¬ 
sure tubes mounted on truck trailers, 
d hese portable units are connected di¬ 
rectly to a consumer’s pipe-line distribu¬ 
tion system and the tractor unit discon¬ 
nected and used to return empty cylinders 
for refilling. The trailers mav hold as 
much as 30,000 to 50,000 cu. 'ft. in the 
larger units, and 10,000 cu. ft. in the 
smaller units. 

Another method of oxygen distribution 
is to transport the oxygen from the pro¬ 
ducing plant to the consumer as liquid 
oxygen. Insulated containers both on 
trucks and railroad tank cars are em¬ 
ployed. At use points where consump¬ 
tion is high, the liquid oxygen is trans¬ 
ferred to an insulated storage holder on 
the user’s property, from which it is with¬ 
drawn, converted to gas, and passed into 
the distribution pipe lines by means of 
automatic equipment as needed. For users 
having medium-large consumption, the 
liquid oxygen is transported by truck, 
converted to a gas by equipment on the 
truck, and pumped under high pressure 
into storage tubes located on the user’s 
property and permanently connected into 
his distribution piping system. 

Safety Precautions.— Care must be taken 
that oxygen cylinders and fittings are 
kept away from oil and/or grease at all 
times. Also, oxygen cylinders should 
never be stored near highly combustible 
materials. The gas should never be used 
in pneumatic tools, to start internal com¬ 
bustion engines, to blow out pipes, to dust 
clothes or to create a pressure head in 
tanks. For further information see Chap¬ 
ter 46, Safe Practices in Welding and 
Cutting. 

Gas Distribution in Plants 

Gas is distributed to various sections of 
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an industrial plant in single cylinders, by 
portable manifold or from stationary 
piped manifolds. 

Single Cylinders.— For single welding 
and cutting torches consuming limited 
amounts of gas, the single cylinder will 
provide an adequate supply. A single 
cylinder is also extremely mobile and easy 
to handle. Trucks on which are mounted 
combinations of single oxygen and acety¬ 
lene cylinders are now in universal use. 

However, for equipment requiring 
higher rates of gas flow, individual cylin¬ 
ders are inadequate, particularly for con¬ 
tinuous operation over long periods of 
time. Also, if the volumetric demand for 
acetylene is high, a single cylinder cannot 
be used, since acetone may be drawn from 
the cylinder along with the acetylene. It 
has therefore become standard practice to 
limit the withdrawal of acetylene from a 
single cylinder to an hourly rate not ex¬ 
ceeding one-seventh of the cylinder’s volu¬ 
metric contents. 

W hen using single cylinders, special 
care should be taken that they are not 
tipped over. Fastening the cylinders on 
a cylinder truck or securing them against 
a rigid support will aid considerably. All 
hose connections should be kept as short 
and free from sharp twists as possible. 

Portable Manifolding. —When gases are 
required at a volumetric rate exceeding 
that which may be obtained from a single 
cylinder, two or more cylinders may be 
manifolded. Such an arrangement, called 
a portable manifold, connects the cylinders 
with a single, common, pressure-reducing 
regulator. This system provides a supply 
directly to the equipment to be used. 

Stationary Manifolding. —Where very 
large volumes of gas are regularly re¬ 
quired or where a centralized gas supply 
is desired, a stationary manifold may be 
installed. This type of manifold consists 
of an adequately supported, stationary, 
pipe-type header to which a number of 
cylinders are connected by means of pig¬ 
tails. One or more permanently mounted 
regulators serve to reduce and regulate 
the pressure of the gas flowing from the 
manifold to the point or points of con¬ 
sumption. Such an arrangement is illus¬ 
trated in Fig. 4. 

Other Systems. — When stationary 
manifolds, truck trailers or liquid storage 
equipment is used as a source of oxygen 
in a consumer’s plant the gas is distrib¬ 
uted to the points of use by a pipe line. 
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Fig. 4.—Gas Manifold 


This pipe line must be properly designed 
to handle and distribute the gas to the 
points of use without undue pressure drop 
and to deliver the volumes required. Dis¬ 
tribution pipe lines are installed in both 
large and small plants. The individuals 
using the gas are relieved of the work and 
bother of changing cylinders and there is 
ample, uninterrupted supply of gas at all 
tunes. Acetylene pipe lines usually par¬ 
allel the oxygen lines. 

Connections to the pipe line at points of 
use are made by suitably designed equip¬ 
ment. The oxygen line connection is 
fitted with a filter, a shutoff valve, and a 
regulator. The acetylene line connection 
is fitted with a shutoff valve, hydraulic 
back pressure valve, relief valve, a vent 
piped to the outdoors, and also a regu¬ 
lator. The acetylene hydraulic back pres¬ 
sure valve is a protective device which pre¬ 
vents flashbacks and backfires from enter¬ 
ing the main pipe lines. Figure 5 illus¬ 
trates a typical welding station layout. 

Regulations and Safe Practices 

W hen installing oxygen and acetylene 
manifolds and pipe lines, the regulations 
*et forth by the National Board of Firv 
Underwriters should govern. The mani¬ 


folds should, in all cases, be obtained from 
reliable manufacturers and installed by 
competent personnel, familiar with proper 
construction practices. 

Briefly, these are the regulations gov¬ 
erning acetylene manifolding : 

1. Only cylinders containing gas at 
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approximately equal pressures shall be 
manifolded. 

2. Fuel gas cylinders connected to 
one manifold inside a building shall be 
limited to 2000 cu. ft. total volume. 

3. The manifold header shall be con¬ 
structed of double extra heavy steel 
pipe not exceeding PA in. in diameter. 

4. Water seals and shut-off valves 
must be properly located. 

5. The pressure in the shop supply 
piping system shall not exceed 15 psi. 

6. The manifold shall be subjected to 
a test pressure of 1000 psi. after as¬ 
sembly. 

7. \\ hen a leak is suspected in an 
acetylene line, test using grease-free 
soap. Never use a flame to detect a 
leak. 


Other rules of safety previously men¬ 
tioned plus the safety rules suggested in 
Chapter 46 should be followed. 

REGULATORS 

Primarily, the functions of a regulator 
are: (1) to reduce the source pressure 
(from generator, cylinder, manifold or 
pipe line) to a workable pressure and (2) 
to maintain a constant delivery pressure 
and gas volumetric rate regardless of the 
pressure variations at the source. In ad¬ 
dition, a regulator must permit adjust¬ 
ment to deliver gas at a certain desired 
pressure within its rated pressure range. 

Regulators may be generally classified 
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Fig. 6.—Single-Stage Nozzle-Type Regulator 


Oxygen manifolds should be installed 
following these regulations : 

1. All installations shall consist of 
nonferrous piping and fittings, prefer¬ 
ably brass or copper. 

2. Fittings may be either welded to 
the header or screwed using litharge 
and glycerine. 

3. The assembly shall be capable of 
withstanding a test pressure of 3000 psi. 

4. Oxygen manifolds shall not be 
located in acetylene generator rooms or 
in rooms where combustible gases are 
present. 

5. Again, oxygen cylinders, fittings 
and regulators must be kept free of oil 

and/or grease. 


into four main types: the single-stage 
nozzle type, the single-stage stem type, 
the two-stage type, and the high-capacity, 
high-pressure line type. 

Nozzle-Type Regulator 

A single-stage nozzle type regulator is 
shown schematically in Fig. 6. It consists 
essentially of a brass casing, an adjusting 
screw, suitable springs, a diaphragm, a 
nozzle and a seat. When the adjusting 
screw is turned counterclockwise until it 
is free, the seat is forced by spring action 
against the nozzle, closing it. All gas 
flow is thus stopped. As the adjusting 
screw is turned clockwise, the seat is 
forced away from the nozzle letting the 
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gas from the cylinder enter the outer 
body chamber. This increases the pres¬ 
sure on the diaphragm which forces the 
seat closer to the nozzle. By thus main¬ 
taining a balance of spring pressure and 
gas pressure on the diaphragm, the de¬ 
sired outlet pressure can be set and held. 

Stem-Type Regulator 

A single-stage stem-type regulator op¬ 
erates like the nozzle type, with one ex¬ 
ception. Referring to the schematic draw¬ 
ing in Fig. 7, it will be noted that the 
high inlet pressure operates to hold the 
seat against the nozzle instead of away 
from it, as in the nozzle type. Aside 
from this difference, the nozzle and >tem 
types operate and are adjusted in a like 
manner. 


with an extra-heavy diaphragm and 
spring complement, reduces the pressure 
to an intermediate value. Further pres¬ 
sure reduction is accomplished by passing 
the gas through a second assembly of 
either a stem or nozzle type. This latter 
stage may be adjusted to give the desired 
outlet pressure. By using such a dual 
arrangement, a more constant delivery 
pressure than that of a single-stage unit 
is insured. The two-stage regulator will 
give practically constant delivery pressure 
from a full cylinder down to an empty 
one. 

In addition to the stem-nozzle combina¬ 
tions of two-stage regulators, there are 
also two-stage regulators manufactured 
using two stem-type regulators or two 
nozzle-type regulators in series. The 
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Fig. 7.—Singl«-St*g* St«m-Typ« Regulator 


Two-Staga Regulator 

I he nozzle and stem type regulators 
both accomplish a reduction of the gas 
pressure in a single stage In the two- 
*tage regulator this reduction is done, as 
die name implies, in two stages The 
high pressure gas initially passes through 
* generally non-adjustable nozzle or stem- 
type assembly This assembly, equipped 


high pressure gas is dropped to working 
pressure in two steps. Thus, the tend¬ 
ency of the nozzle-type regulator pressure 
to decrease (or the stem type to climb) 
is lessened and a more constant outlet 
pressure is maintained 

A typical two-stage regulator is shown 
in Fig. 8, which shows the principal parts 
that go into its assembly. The sketch 
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shown is schematic and physically, looks 
quite different. In this regulator the 
nozzle type assembly is shown as the 
initial stage; other regulators would have 
a stem-type assembly as the initial stage. 
Although both stages are adjustable, once 
the first stage has been set for a particular 
operation, it usually is not changed; the 
second stage is readily adjustable like a 
single-stage regulator. 


phragms have been developed. These 
operate using principles similar to those 
of the types discussed above but are con¬ 
structed for heavier duty. 

High capacity regulators which operate 
from low-source pressures, such as would 
be found in acetylene generators, are also 
available. Regulators designed for con¬ 
trolling outlet pressures where the source 
is a relatively low-pressure, liquid oxygen 
container also may have large capacities. 


STEM TYPE 


NOZZLE TYPE 


OUTLET (LINE) 
PRESSURE 







CYLINDER 
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Fig. 8.—Two-Stage Stem- and Nozzle-Type Regulator 


Generally, each of the above types of 
regulators has a union nipple and nut for 
attaching it to the cylinder, while the out¬ 
let side has a standard hose connection. 
Generally, there are two gages per regu¬ 
lator, one of which shows the pressure in 
the cylinder while the other gives the de¬ 
livery pressure. Most regulators also 
have a device for protecting the seat from 
the heat generated by the compression of 
the gas inside the regulator. This device 
may vary widely in design among various 
makes of regulators, but has the general 
function of serving as a conductor for re¬ 
moving the heat generated in the vicinity 
of the seat. Except for these similarities, 
regulators may vary greatly in detail and 
physical appearance. 

HigH-Capacity Regulator 

For extremely high-pressure and high- 
capacity conditions, reducing regulators 
employing gas or spring preloaded dia- 


Line or station regulators, such as are 
used for controlling outlet pressures from 
pipe distribution systems, may also pass 
large volumes. 

Regulator Operation 

The various types of regulators have 
operational characteristics as shown in 
Fig. 9. Here the operations show that, if 
the flowing pressure is initially set at 
some chosen value, and gas is withdrawn 
through the regulator without the adjust¬ 
ing screw setting being changed, then the 
outlet or supply pressure to the torch will 
vary as follows: 

In a nozzle-type regulator the outlet 
pressure will gradually decrease, as the 
cylinder pressure decreases. 

In a stem-type regulator the outlet pres¬ 
sure will gradually increase, as the cyl¬ 
inder pressure decreases. 

In a tzuo-stage type regulator the outlet 
pressure will be maintained through prac- 
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tically the whole range of cylinder pres¬ 
sures. 

The reasons for the above behavior of 
regulators involves finally obtaining a dy¬ 
namic force balance between the cylinder 
gas pressure on the seat, the compensat¬ 
ing spring pressure, the gas pressure on 
the diaphragm and the adjusting screw 
spring pressure. These resultant forces, 
although of a relatively simple nature 
when taken individually, present a rather 
complicated picture when taken as a 
whole. A discussion of them, therefore, 
is not included here. 


in slowly to protect the regulator dia¬ 
phragm from injury by a sudden surge 
of high pressure gas. 

3. Regulators should be repaired only 
by the supplier or by skilled mechanics 
properly trained in the work. 

4. Regulators should never come in 
contact with oil or grease. 

5. Cylinder nuts and outlet fittings 
should be checked periodically to detect 
faulty seating. 

6. Regulators should be connected to 
the cylinder valves using the correct 
size wrench. Connections should never 
be forced. 



Fig. 9.—Operating Characteristics of Regulators 


Cylinder and Hose Connections 

To guard against forming explosive 
mixtures of oxygen and acetylene by an 
interchange of acetylene and oxygen 
regulators, these regulators are manu¬ 
factured with different-sized cylinder nuts. 
The oxygen cylinder nut has a thread 
pitch diameter of approximately 0.903 
in. with 14 threads to the inch, right 
hand. The acetylene cylinder nut thread 
has an 0.855 in. pitch diameter with 14 
threads to the inch, left hand. The regu¬ 
lator outlet fittings also differ, oxygen 
fittings having a right-hand thread while 
the acetylene and other fuel gas fittings 
have left-hand outlet threads. 

Safety Rules 

The following safety precautions should 
be observed when dealing with regu¬ 
lators : 

1. Regulator gages should be checked 
periodically to assure that their read¬ 
ings are true readings. 

2 Adjusting screws should be turned 


7. If leaks are suspected, testing 
should be done using a soapy water 
solution. 

8. The regulator adjusting screw 
should be released (turned counterclock¬ 
wise until it is loose) before the cyl¬ 
inder valve is opened. 

9. When regulators are to be out of 
service for periods of several weeks, 
their adjusting screws should be turned 
in just enough to relieve the pressure 
on the internal valve seat. 

TORCHES AND TIPS 

Welding Torches 

T he gases, having been reduced in pres¬ 
sure in passing through the gas regu¬ 
lators, are fed through suitable rubber 
hoses to a welding torch. The welding 
torch is a device used for mixing and con¬ 
trolling the flow of gases to the tip. It 
also provides a means of holding and 
directing the tip. In Fig. 10 is shown a 
simplified schematic drawing of the basic 
elements of a welding torch There are 
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two throttling or control valves, usually 
at the back or butt end of the torch. The 
gases, after passing the valves, flow 
through metal tubes inside the metal 
handle and are directed together by the 
gas mixer at the front end (see Gas 
Mixers). The tip is shown as a simple 
tube, narrowed down at the front end to 
produce a suitable welding cone. 

On all torches, the fuel-gas hose fitting 

has a left-hand thread, making it possible 

to screw on only the left-hand hose nuts 

used on fuel gas hose. The other fitting, 

to be used for oxygen, has a right-hand 
thread. 


There is no restrictive limit on the oxy¬ 
gen pressure, however. It can, and some¬ 
times does, range up to 25 psi. on the 

larger sizes of tips, when used in positive 
pressure torches. 

The injector type (or low pressure) 
operates at an acetylene pressure of less 
than 1 psi.. (a pressure which can be 
easily supplied by the low-pressure type 
of acetylene generator). Oxygen, on the 
other hand, is supplied at a pressure rang- 

. ... psi., necessarily increas¬ 

ing as the tip size js increased. As de¬ 
scribed under Gas Mixers, this oxygen 
acts to aspirate or draw in the acetylene 



Fig. 10.—Basic Elements of a Welding Torch 


Modern torches are manufactured in a 
variety of sizes ranging from the small 
torch for extremely light (low gas flow) 
work to the extra heavy torches (high 
gas flow) used generally for localized 
heating operations. A typical small weld¬ 
ing torch used for sheet metal and air¬ 
craft welding will pass acetylene at volu¬ 
metric rates ranging from 7 4 to 35 cu. ft. 
per hr. The medium sized torch is de¬ 
signed to provide for acetylene flows from 
one to 100 cu. ft. per hr. Heavy-dutv 
heating torches may provide for acetylene 
flows as high as 400 cu. ft. per hr. 

Types of Torches 

There are two general classes of 
torches. the positive- or equal-pressure 
type and the injector type. The positive- 
pressure type torch (also called medium 
pressure) requires that gases be delivered 
to the torch at pressures generally above 
1 psi. gage. In the case of acetylene, the 
pressure must necessarily be between 1 
and 15 psi., while oxygen generally is sup¬ 
plied at approximately the same pressure. 


and mix with it before both gases pass 
into the tip. 

Care of Torches 

As is shown in Fig. 11, each welding 
torch either has a gas mixer unit as an 
integral part of the torch or provision is 
made to attach a mixer by screwing it 
onto the front end of the torch. In either 
case, the welding tip must be screwed 
into place. This means that the front 
portion of a welding torch must not be 
mishandled or difficulty will be expe¬ 
rienced in securing a perfect gas seal. In 
those torches that permit various sizes of 
mixers to be attached to the front end of 
the torch, particular care should be exer¬ 
cised not to score the seating surfaces. 
Slight damage of these seating surfaces 
will cause gas leaks and consequent fre¬ 
quent popping; escaping acetylene may 
also burn at the leak. The necessity for 
this care is apparent when the utility and 
function of the gas mixer is better under¬ 
stood. 

Even though welding torches are built 
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to withstand rough usage, the following 
rules should be kept in mind when han¬ 
dling them : 

1. Keep torches away from all oil 
and grease. 

2. Never use a wrench to tighten the 
torch valves. 

3. Never clamp the torch handle 
tightly in a vise as this may collapse 
the handle and injure the gas tubes in¬ 
side. 

4. Keep the mixer seat free of dust 
and other foreign matter at all times. 

5. Before using a torch for the first 
time, check the packing nut on the 
valves to insure that the nut is tight. 
Some manufacturers ship torches with 
these nuts loose. 


automobile carburetor which mixes air 
and gasoline vapor. A well-designed gas 
mixing chamber, or gas mixer, must be 
able to perform well all of the following 
essential functions: 

1. Mix gases thoroughly for proper 
combustion. 

2. Arrest flash-backs that might oc¬ 
cur through improper operation. 

3. Stop any flame from traveling 
farther back than the mixer. 

4. In some designs, permit a range of 
tip sizes to be operated by the one size 
of mixer. 

Figure 12 shows a view of one type of 
a positive pressure mixer. The two gases 
have already been controlled as to volu- 
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Fig. 12.—Basic Elements o£ a Positive Pressure-Type Welding Torch Mixer 


Gas Mixers 

The basic view of a torch shown in 
Fig. 10 illustrates a mixing chamber as 
being simply that section of a torch where 
acetylene and oxygen come together prior 
to passing into the welding tip proper. 
This illustration is valid as the mixing 
chamber is defined as “that part of a gas 
welding or cutting torch wherein the 
gases are mixed for proper combustion at 
the tip end.” In this respect, the action 
of the mixing chamber is similar to an 


metric rate by the throttling or adjusting 
valves. Acetylene enters through orifice 
1, while the oxygen enters at orifice 2. 
1 here are usually several holes for one of 
the gases, to provide for better mixing, 
and to act as a deterrent to any flash¬ 
backs that might be initiated at the end of 
the welding tip. The gas in the annular 
chamber that feeds all holes marked 2 
must be at a pressure high enough to in¬ 
sure the proper volumetric gas flow into 
chamber 3. It can be seen that the pres- 
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sure gradient of the gas along paths 2 
would tend to prevent any flame from 
proceeding back upstream along this path 
of gas flow. This is more clearly brought 
out in Fig. 13 which shows a typical gas 
pressure gradient existing across a torch 
and tip combination. Here again it can be 
seen that the gas pressure decreases as the 
gas proceeds downstream. 


greater ease than would otherwise be pos¬ 
sible. 

Tips are generally made of a nonfer- 
rous metal such as copper, or a copper 
alloy. Such materials have high thermal 
conductivity, and their use reduces the 
danger of burning the tip at high temp¬ 
eratures. 

Tips are manufactured mainly by drill- 



A typical injector type of gas mixer 
shown in Fig. 14 is similar to the positive 
pressure type shown in Fig. 12. The 
main difference in operation is that the 
acetylene is at a pressure of 1 psi. gage 
<>r lower, while the oxygen pressure may 
he from 10 to 40 psi gage. The injector 
* s designed that as the oxygen emerges 
rom hole / into venturi chamber 3, it 
creates a vacuum, which aspirates or 
Micks the proper volume of acetylene into 
jhe gas mixture from the annular cham¬ 
ber 2. A comparative study of Figs. 12 
and 14 will greatly clarify the differences 
0 . instruction between the two types of 

mixers. 

Welding Tip« 

J he welding tip is that portion of the 
wckhng apparatus through which the 
Rases pass just prior to their ignition and 
Hirning. It enables the operator to guide 
the flame and direct it to the work with 


ing bar stock to the proper orifice size or 
by swaging tubing to the proper diameter 
over a mandrel. In either case, the bore 
size must be smooth to produce the re¬ 
quired flame cone. The front end of the 
tip must likewise be shaped to permit easy 
use and provide a clear view of the weld¬ 
ing operation being performed. 

As is shown in big. 11, there is a great 
variety of welding tips, both as to size, 
shape and construction. As is also 
shown in that figure, there are two gen¬ 
eral methods of using tip and mixer com¬ 
binations. One class employs a tip and 
mixer unit, which provides the proper 
mixer for each size of tip, thus insuring 
the most efficient combustion of the gases 
and the greatest heating efficiency. The 
other general class is that which employs 
either one or a few mixers for the entire 
range of tip sizes. In this case, the tip 
unscrews from its mixer, each size of 
mixer having a particular thread size to 
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prevent improper grouping of a tip and 
mixer. 

For some classes of welding, a single 
mixer and a so-called gooseneck into 
which the various sizes of tips may be 
screwed are preferred. 

Since tips generally are made of copper 
or a copper alloy, relatively soft mate¬ 
rials, care must be taken to guard them 
against damage. The following precau¬ 
tions should be heeded: 

1. Tips should be cleaned using tip 
cleaners designed for this purpose. 

2. Tips should never be used for 
moving or holding the work. 

3. Tip seat and/or threads always 
should be absolutely clean and free from 
foreign matter to prevent scoring when 
tightening the tip nut. 


This would insure that the minimum 
range of one would be slightly less than 
the maximum range of the next smaller 
size. That this method of spacing weld¬ 
ing tips is the simplest and most logical is 
rather obvious, but it does not take into 
account other factors that are of impor¬ 
tance. These latter factors will be dis¬ 
cussed subsequently. 

Volumetric Rate of Flow of Acetylene. 
—It is not enough to simply determine 
that a given size of welding tip will pass 
some predetermined maximum volume of 
acetylene as a criterion of that tip’s abil¬ 
ity to weld. It would be possible to take 
any reasonably straight tubing of the 
proper diameter and, by supplying it with 
the required volumetric rates of acetylene 
and oxygen, find that the mixture burned 
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Fig. 14.—Basic Elements of an Injector-Type Welding Torch Mixer 


When performing a welding operation, 
care must also be taken to obtain the cor¬ 
rect flame adjustment. Improper flame 
characteristics will nullify correct torch, 
mixer and tip selection. Refer to Chapter 
5 for detailed information on the proper 
methods for obtaining the desired flame 
characteristics. 

Tip Sices .—There should always be 
some logical relationship between the sizes 
of welding tips and the metal thicknesses. 
This relationship cannot be developed 
from fundamental physical laws but is 
empirical and has been determined by 
practical applications. By plotting thick¬ 
ness of steel that can he successfully 
welded against tip size (expressed in ori¬ 
fice cross-sectional area), a linear rela- 
tif nship between them is seen to exist. 
This is shown in Fig. 15. It will be seen 
•hat a so-called series of welding tips 
•*iay be spaced by simply choosing them 
in such a manner that the metal thickness 
range covered by one overlaps slightly 
the ran^e covered by the next tip size. 


at the end of the tubing. Assuming that 
the cone shape appeared satisfactory, the 
tip might still be unsatisfactory for actual 
welding even though it was employed on 
the proper thickness of metal. The im¬ 
portant tests at this point would be to 
determine whether the action of the flame 
on the metal was too violent and had the 
effect of blowing the metal out of the 
molten pool. If the flame produced by 
the embryo tip was too harsh, it would be 
necessary to decrease the volumetric rate 
of acetylene (and also oxygen, as the 
flame is presumed to be maintained at a 
neutral condition) until the metal under 
test could be welded. Obviously, this 
flow rate would then be the maximum 
volumetric rate of welding acetylene that 
could be handled easily by this size of 
welding tip. As a general rule, the larger 
the volumetric rate of acetylene that may 
be handled by a specific size of tip, the 
more heat that tip is capable of produc¬ 
ing. It may be mentioned here that the 
flame may be too soft for easy welding as 
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well as too harsh. The gas volumetric 
rates would then have to be increased. 

Up to this point, no direct mention has 
been made of the heat produced by a tip, 
although to drive heat into metal at high 
temperature is the prime objective of any 
well-designed welding tip. Assuming 
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This can be most easily accomplished 
when the welding tip used produces a 
welding flame (or cone) that permits the 
heat to be easily directed. Consequently, 
as the other necessary conditions of usa¬ 
bility of the welding tip are usually de¬ 
signed into it, the criterion of cone char- 



tliat the combustion efficiency of most 
Hame cones is reasonably high, the volu¬ 
metric rate of welding acetylene becomes 
a measurement of the efficacy of a weld- 
'"g tip. It must be understood that the 
maximum useful volumetric rate of acety¬ 
lene in welding is not the maximum 
volumetric rate that may be passed by a 
specific size of tip. This latter value is 
usually a good deal higher and depends to 
?. ,ar « e extent upon the condition of the 
01 tllc tip. If the tip end has been 
slightly counterbored, the flame cone 
tends to remain on the end at higher 
acetylene volumetric rates, assuming that 
an acceptable straight cone is being pro¬ 
duced. It is rather easy to pass even 
much higher flow rates by simply making 
a slight nick at the edge of the tip. This 

has the tendency to produce a distorted 
^symmetrical cone shape. 

flame Cones 

the prime objective of a welding flame 
lN to raise the temperature of metal to the 
point where the metal can be welded. 


acteristics becomes an important one. 
Laminar or streamlined flow becomes of 
paramount importance throughout the 
length of the tip and especially so during 
the final run or front portion of the tip. 
A high velocity flame cone presents strik- 

. velocity gradient extend 

mg across a circular orifice when the 
existing flow is laminar. This is repre- 
sented graphically in Fig. 16. This figure 
shows that since the greatest velocity 
exists at the center of the stream, the 
Hame length at the center is likewise the 
greatest. In a like manner, since the 
velocity of the gas stream is lowest at the 
walls of the tip (bore) where the flowing 
friction is greatest, that portion of the 
flame bordering the wall is also the short¬ 
est. The foregoing is a reasonably com¬ 
plete and accurate description accounting 
for the shape of the cone, but a strict ex¬ 
planation would require a consideration of 

flame velocity, combustion and other 
lactors. 

From an analysis of the principles that 
underlie the formation of a flame cone, it 
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becomes possible to understand the flow 
conditions that exist along the last por¬ 
tion of the gas passageway in a tip. The 
shape of the flame cones will depend upon 
the smoothness of bore, the ratio of 
lead-in to final run diameter, the sharp- 


burner that will fit the contour of the 
piece and provide the proper distribution 
of heat as desired. The torches supplying 
these burners are usually of large gas 
capacity and are water cooled, as are the 
burners themselves, to permit them to 


A, 

/ \ 

/ \ 
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Fig. 16.—Vector Representation of Laminar 
Flow in a Welding Torch Tip 


Fig. 17.—Representative Cone Shapes Pro¬ 
duced by Welding and Heating Tips 


ness of neck-down, etc. These factors all 
affect the cone shape, producing a range 
of shapes illustrated in Fig. 17. 

AUTOMATIC GAS WELDING 

EQUIPMENT 


withstand the reflected and direct heat 
that is generated. For more information 
on equipment for a specific application 
refer to the chapter covering that appli¬ 
cation. 

CUTTING ATTACHMENTS 


A special type of gas burner is used in 
the automatic welding of strip stock to 
form welded tubing. This burner usually 
has orifices arranged in a straight line 
and performs the operations of preheating 
and final welding by applying heat at the 
longitudinal seam. There are many forms 
of such burners, depending upon the 
thickness of steel to be welded and the 
rate of welding desired. In addition, 
many types of special burners have been 
built to perform various simple heating 
operations and also heating in combina¬ 
tion with metal forming and closing 
operations. 

In all these operations, it is usually 
necessary to design a special heating 


As the name implies, a cutting attach¬ 
ment is “a device which is attached to a 
welding torch to convert it into a cutting 
torch.” When using torches equipped 
with integral mixing chambers with such 
an attachment, the mixer should be re¬ 
moved from the torch so that the gases 
may flow directly into the cutting attach¬ 
ment when it has been screwed into place. 

Incidentally, it should be noted that all 
cutting attachments require that the oxy¬ 
gen valve of the welding torch proper be 
turned wide open. There is then pro¬ 
vided a duplicate valve on the attachment 
to adjust the proper quantity of preheat 
oxygen. In addition, the attachment also 
has a lever to turn on the cutting oxy- 
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gen. This attachment, and gas cutting in 
general, is discussed more fully in Chap¬ 
ter 24, on Gas Cutting. 

PRESSURE GAS WELDING 
EQUIPMENT 

Pressure gas welding, which is de¬ 
scribed in Chapter 7, is essentially a 
mechanized process. Some of the equip¬ 
ment used is conventional for mechanized 
gas welding and some is special. Basic- 
ally, the apparatus fulfills three functions: 
first, to support the parts being welded, 
keep them in line during welding, and 
apply pressure; second, to support and 
oscillate the welding torch; and third, to 
control the flow and delivery of welding 
gases. 

The degree of simplicity of the equip¬ 
ment depends upon the completeness of 
mechanization. If the parts to be welded 
are of simple shape and some manual 
handling is permissible, the clamping jig 
can be quite simple. In many cases also, 
the controls may be relatively simple and 
the progress of welding may be gaged 
mostly by visual observation. However, 
if a higher degree of mechanization is de¬ 
sired or needed to assure best results, the 
several components of the process can be 
almost completely mechanized. Special 
control panels are available for push 
button control of the entire welding cycle 
including clamping the pieces, lighting the 
torch, applying the pressure in the desired 
sequence, extinguishing the flames, and 
releasing the pressure and clamps. More 
detailed descriptions of typical machines 
are given in Chapter 7. 

WELDING RODS AND FLUXES 

Welding Rode 

Modern oxy-acetylene welding rods 

y greatly in chemical composition, ac- 
ordmg to the composition of the mate- 
r, a s to be welded and the strength of 

^ es * re d- Rods having a higher 

, n c °ntent than former low carbon 
nf '\ ,S an( con taining higher percentages 
on* 1 K O a . anc ^ ,Tlan &anesc have been devel- 

avaiIa ble are rods alloyed 
rim 1 nic ^ e ^* chromium, vanadium, molyb- 
^num and other metals. For welding 
, rrous metals, alloy rods are used 
/ la P r °duce a relatively fine grain weld, 
4(Vy ^° m ox ^ es / A 60% copper and 

* 7,110 C ? m P9 s * t * on modified with man¬ 
se and silicon is widely used for 


welding copper or for braze-welding of 
steel. Rods are produced in various di¬ 
ameter sizes, ranging from Vie to a / 8 
in. The standard length is 36 inches. 

The AWS-ASTM Committee on Filler 
Metal has prepared the Tentative Specifi¬ 
cations for Iron and Steel Gas-Welding 
Rods which are reproduced in Chapter 61. 
More detailed discussion of welding rods 
will be found in Chapter 38. 

Fluxes 

b luxes for use in oxy-acetylene weld¬ 
ing may be obtained in powdered or liq¬ 
uid forms. \\ hen using powdered flux, 
the rod is usually heated and then dipped 
into the powder, but the powder may also 
be sprinkled on the base metal if desired. 
A liquid flux may be painted on the rod 
and base metal by use of a brush. 

The composition of fluxes varies greatly 
with the base metals and rods with which 
they are used. For cast-iron welding, a 
flux consisting of equal parts of carbonate- 
of-soda and bicarbonate-of-soda may be 
used. When brazing copper alloys, fluxes 
containing fused borax and boric acids 
may be used. Aluminum fluxes may con¬ 
tain portions of alkaline halides. Since 
chemical characteristics and melting 
points of metals vary over wide ranges, 
no one flux can be universally used for all 
metals. 

I he essential function of a flux is to 
combine with, or otherwise render harm¬ 
less, those products of the welding opera¬ 
tion which would interfere with the physi¬ 
cal properties of the deposited metal or 
make the welding operation difficult or 
impossible. 

The oxides of most alloyed metals 
generally have higher melting points than 
the metals themselves. These oxides, 
therefore, remain as solids when the filler 
metal is in the fluid state. As solids they 
interfere with metal deposition. Appro¬ 
priate fluxes will form a fusible slag with 
the oxides. This slag will tend to flow 
away from the immediate weld area. The 
slag will also form a coating over the 
molten metal, protecting it from atmos¬ 
pheric oxidation. 

Fluxes, while in a sense cleaning agents 

should never replace proper cleaning of 

the base metal. They should also be easy 

to remove upon completion of welding 

and should cause no corrosive action on 
the finished weld. 
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MISCELLANEOUS ACCESSORIES 

In addition to the equipment and mate¬ 
rials described previously, other acces¬ 
sories are used in the process of gas 
welding. Only a brief description of such 
items is included here. 

When welding, it is important that the 
operator be protected from sparks, molten 
metal and heat radiated from the tip or 
burner. Suitable gloves and woolen 
clothing, free from grease and oil, should 
be worn. When doing heavy work, 
leather aprons, caps, sleeves and leggings, 
together with gauntlet type asbestos 
gloves should be used. 

Welders should at all times use gog¬ 
gles or eye shields as a protection against 
the excessive glare and radiated heat of 
the flame and molten metal. Also, ample 
protection is needed to guard against in¬ 
jury from flying sparks or slag chips. 
Goggles are available with light, medium 
or dark tinted lenses and durable heat-re¬ 
sistant frames. Reference should be made 
to Chapter 46 on Safety for additional 
data on necessary protective clothing. 

For actual welding operations, other 
auxiliary equipment is used. Among the 
most used of these are the friction lighter, 
which eliminates the hazard of igniting 
the gas with a match; the wire brush, for 


cleaning the work before welding and re¬ 
moving slag after the weld has been com¬ 
pleted ; and the chipping hammer, for re¬ 
moving slag and peening the weld. 

As an economy measure, a gas saver 
can be added to a welding unit. This in¬ 
strument is fundamentally made up of a 
hook on which to hang the torch after 
welding, quick-operating control valves 
actuated by the torch’s weight on the 
hook, and a pilot for igniting the gas 
after the removal of the torch from the 
hook opens the control valves. Where 
welding is not carried on continuously, 
this piece of equipment will appreciably 
lower gas consumption figures. 

If for any reason, the volumetric flow 
rate of the gases used in a welding opera¬ 
tion need be known, a rotameter or an 
orifice meter may be used. The two 
meters operate basically according to 
the laws governing flow of gases through 
orifices. However, a rotameter employs 
a varying orifice with a constant pressure 
drop in measuring flow rates, while the 
orifice meter uses a constant flow area 
and varying pressure drops. 

Other accessories, such as tip cleaners, 
cylinder trucks, clamps and holding jigs 
and fixtures, and feeding mechanisms for 
automatic welding also perform important 
functions in gas welding. 
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tfTALS OF PROCESS 


Definition and General Description 

Ox Y-acetylene welding is a gas-weld¬ 
ing process wherein coalescence is pro¬ 
duced by heating with a gas flame or 
flames obtained from the combustion of 
acetylene with oxygen, with or without 
the application of pressure and with or 
without the use of filler metal. 

The oxygen and acetylene are mixed in 
the proper proportion in a welding torch 
(also called a blowpipe) which is de¬ 
signed to give the welder complete con¬ 
trol of the welding flame. Oxygen and 
acetylene are also used as a supply of 
heat for pressure gas welding. This proc¬ 
ess is discussed in Chapter 7. 

Acetylene is commonly used as the 
combustible gas in gas welding, because 
the oxy-acetylene flame, properly ad¬ 
justed, has an extremely high tempera¬ 
ture and because the flame provides a 
protecting cover over the molten metal 
during welding. The oxy-acetylene flame 
produced by burning a mixture of equal 
volumes of acetylene and oxygen has a 
higher temperature than any other com¬ 
mercially available gas flame. The high 
temperature produced by the oxy-acety¬ 
lene flame is so far above the melting 
point of most commercial metals that it 
produces the rapid localized melting 
necessary for welding. For a discussion 
of other fuel gases used for gas welding 
and brazing, see Chapter 6. 

Basically, oxy-acetylene welding is the 
bringing together of two pieces of metal 
and the melting of the edges in contact by 
the oxy-acetylene flame produced at the 
tip of the welding torch. The molten 
metal from the two edges flows together 
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until they are completely fused, thereby 
producing one continuous piece of metal 
when the molten metal has solidified. 
Filler metal is added in many cases by 
melting the end of a welding rod into 
the weld puddle. 

The oxy-acetylene flame is also used 
in the method of welding known as brace¬ 
welding, wherein the base metal edges 
are not fused, but joined by the bonding 
action of the metal deposited from a cop¬ 
per-base welding rod. It differs from 
brazing itself in that the joint design is 
the same as would be used for gas weld¬ 
ing and capillary attraction is not a factor. 
The strengths obtained in joining mild 
steel are comparable to those obtained 
with gas welding. 

The oxy-acetylene flame is also used 
tor preheating in cutting, shaping, and 
oxygen machining of ferrous metals, and 
as a convenient source of localized heat 
for a wide variety of operations, such as 
flame hardening, flame softening, flame 
descaling and surfacing. These applica¬ 
tions are covered in Chapters 21, 2*4, and 
26, respectively. 

Principles of Operation 

Oxy-Acetylene Flame .—The oxy-acety¬ 
lene torches, tips and regulators are used 
to form and control the flame, and 
to apply it at the location desired. By 
using tips in sizes available, welding 
flames can be obtained which will vary in 
diameter from pin size to about Via inch. 

I he length of the flame will vary with 
the volume of gases issuing from the tip. 
the inner cone reaching a length of ap¬ 
proximately 1 in. for large flames. The 
oxy-acetylene flame can he made harsh 
and violent or soft in action on the sur¬ 
face being heated, by varying gas flow. 
There are practical limits when welding 
with the flame as a harsh flame will blow 
the molten metal from the puddle and a 


151 




152 


WELDING PROCESSES 


flame that is too soft is not stable near 
the point of application. 

The chemical action of the flame on a 
molten pool of metal can be altered by 
changing the ratio of volumes of oxygen 
to acetylene issuing from the tip. Most 
welding is done with a neutral flame, ap¬ 
proximately one-to-one ratio. An oxidiz¬ 
ing action can be obtained by increasing 
the oxygen flow and a carburizing action 
by increasing the acetylene flow in rela¬ 
tion to the oxygen flow. Both these ad¬ 
justments are valuable aids in welding. 
For the chemistry of the oxy-acetylene 
flame, refer to Chapter 4. 


should be made from an excess acetylene 
flame which is recognized by the feather 
extension of the inner cone. As the flow 
of acetylene is decreased or the flow of 
oxygen increased, the feather will disap¬ 
pear. Just at the point of disappearance 
the neutral flame is obtained. 

A practical method of determining the 
amount of excess acetylene in a flame 
when a reducing or carburizing flame is 
desired is to compare the length of the 
feather with the length of the inner cone 
measuring both from the torch tip. A 2x 
excess acetylene flame has an acetylene 
feather that is double the length of the 



Reducing Oxidizing 

Fig. 1.—Flame Adjustments 


Neutral 


Flame Adjustment .—Torches should be 
lighted with a friction lighter. The in¬ 
structions of the manufacturer of the 
equipment should govern the procedure of 
adjusting operating pressures at the regu¬ 
lators and torch valves before igniting the 
gases issuing from the tip. Three types 
of flame adjustment are shown in Fig. 1. 
The neutral flame is easily obtained by 
making the final adjustment at the torch 
valves. The start for final adjustment 


inner cone. Starting with a neutral flame 
adjustment, the welder can produce the 
desired acetylene feather by increasing 
the acetylene flow (or decreasing the 
oxygen flow). 

The oxidizing flame adjustment is 
sometimes given as the amount by which 
the length of the inner cone should be 
reduced—for example, one-tenth. Start¬ 
ing with the neutral flame the welder 
can increase the oxygen (or decrease the 









OXY-ACETYLENE WELDING 


153 


acetylene) until the length of the inner 
cone is decreased the desired amount. 

Specifications requiring a reducing 
flame and mentioning the length of the 
feather should be adhered to as the car¬ 
bon pickup in the weld is determined by 
the excess acetylene in the flame. Where 
oxidizing flames are necessary, the degree 
of adjustment is usually determined by 
the action of the flame on the molten 
metal. This condition is especially true 
when welding brass or braze-welding 
steel. 

Technique. —Oxy-acetylcne welding may 
be performed with the torch tip pointed 
forward in the same direction as the weld 
progresses. J his method is called the 
forehand technique (see Fig. 2a). The 



Fig. 2. ( a ) Forehand Technique (b) Back- 

hand Technique 


tip also can be pointed back toward the 
metal which has been deposited and this 
method is called the backhand technique 
( see Fig. 2b). Each technique has its ad¬ 


vantages, 

plication. 


depending on the particular ap- 
ln general, the forehand tech¬ 


nique is recommended for welding mate¬ 
rial up to 7» in. thick, because of better 
control of the small weld puddle, resulting 
in a smoother weld both top and bottom. 
In these thicknesses the puddle of molten 
metal is small and easily controlled. A 
Kreat deal of pipe welding is done using 

the forehand technique even in wall thick¬ 
nesses of 7* inch. 


Increased speeds and better control of 
the puddle are possible with the backhand 
technique when welding metal 7* in. and 
thicker. I lie recommendation that mate¬ 


rial greater than 7s in. in thickness be 
welded with the backhand technique is 
based on careful study of the speeds nor¬ 
mally achieved with this technique and 
the greater ease of obtaining fusion at the 
root of the weld. Backhand welding may 
be used with a reducing flame when it is 
desired to melt only the smallest possible 
amount of steel in making the joint. 
When the reducing flame is used in weld¬ 
ing, the base metal picks up carbon from 
the flame with the result that this in¬ 
creased carbon content lowers the melting 
point of a thin layer of steel and results 
in increased welding speed. Backhand 
welding using a reducing flame greatly in¬ 
creases the speed of making pipe joints 
where the wall thickness is 7 4 to 7„, 
inch. Speeds of three circumferential 
inches a minute and more are common 
when using a special multiflame tip and 
this technique. Backhand welding is 
sometimes used in surfacing operations. 

ftase-M eta! 1 'reparation .—Cleanliness 
along the joint and on the sides is of the 
utmost importance. Dirt and oxides can 
cause low quality welds and a great deal 
O! trouble for the welder. The defects 


encountered 

incomplete 


because of dirt are blowholes, 
fusion, slag inclusions and 


porosity 


i ne necessity tor proper spacing be¬ 
tween the edges of parts which will be 
joined dictates some degree of alignment, 
bor a given thickness of material, the 
root opening should not be so large as 
to cause difficulty in bridging the gap 
with molten metal or so small as to pre¬ 
vent full penetration. For production 
welding, specifications for spacing should 
be set up and adhered to. 

I he thickness of the base metal at the 
joint determines the amount of edge i,rep¬ 
aration for welding. Thin sheet metal is 
easily melted completely through by the 
flame, hence, edges with square faces can 
be butted together and welded. This type 
"t joint is limited to material about '/„ j n 
IT 1css in thickness. For thicknesses of 
. ,n> to /4 ,n > a slight root opening 

is necessary for complete penetration but 

flier metal must be added to compensate 
tor the opening. 

Joint edges '/. in. and greater in thick¬ 
ness should be beveled. Beveled edges 

a groove for better 
penetration and fusion at the sides The 

angle of bevel for oxy-acetylene welding 
vanes front 35 to 45 deg., which is eqX 
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alcnt to a variation in the groove angle 
from 70 to 90 deg., depending on the appli¬ 
cation. A root face Vio in. wide is pro¬ 
vided but feather edges are sometimes 
used. Plate thicknesses a / 4 in. and above 
are double beveled when welding can be 
done from both sides. The root face 
can vary from 0 to Vs inch. As compared 
with beveling one side only, beveling both 
sides reduces the filler metal required ap¬ 
proximately one-half and reduces the oxy¬ 
gen and acetylene consumption per foot 
of weld. 

An edge preparation with straight 
sides is easiest to obtain. This edge can 
be machined, chipped, ground or oxygen 
cut. The thin oxide coating on an oxy¬ 
gen-cut surface does not have to be re¬ 
moved as it is not detrimental from the 
standpoint of the welding operation or the 
quality of the joint. The bevel angle can 
be oxygen cut to any desired value. Refer 
to Chapter 39 for sketches and details. 

Brase-U elding. —Braze-welding is an 
important method of joining metals since 
less heat is required than in ordinary gas 
welding because the operation is carried 
on at a lower temperature. Many metals 
can be braze-welded. The common ex¬ 
ample is the braze-welding of cast iron 
to steel. Steel melts at around 2700° F. 
and the copper-base filler metal used at 
around 1650° F. The operation can be 
performed at temperatures only slightly 
above the melting point of the filler metal. 
Braze-welding is used mainly in repair 
and maintenance work, but many fabricat¬ 
ing applications exist. 

The main requirement for acceptable 
results is cleanliness of the joint edges. 
The surfaces to be joined should be 
bright and free of oil, dirt and rust. In 
the presence of a suitable flux and the 
right amount of heat, the filler metal will 
flow and tin the joint surfaces. The 
joint can be completed in one pass or suc¬ 
cessive passes can be made if the groove 
is large. 

When malleable iron is welded, the 
melting of the base metal converts the 
iron to white or hard cast iron. Braze- 
welding with copper-base filler metal pro¬ 
duces a minimum change in the base- 
metal characteristics and effects a high 
strength joint. 

Using copper-base filler metal on gal¬ 
vanized iron or steel causes a minimum 

of damage to the coating adjacent to the 
weld. 


Multilayer IP elding .—Multilayer weld¬ 
ing is used when maximum ductility of a 
steel weld in the as-welded or stress-re¬ 
lieved condition is desired or if several 
layers are required to weld thick material. 
Multilayer welding is accomplished by de¬ 
positing filler metal in successive passes 
along the joint until it is filled. Since 
the bite taken with each pass is small, 
the weld puddle is reduced in size. This 
procedure enables the welder to devote 
his attention to securing complete pene¬ 
tration with freedom from icicles and over¬ 
heating while depositing the first layers. 
The smaller puddle is more easily con¬ 
trolled and thus the welder can avoid 
oxides, slag inclusions, cold shuts and in¬ 
complete fusion with the base metal. 

The increase in ductility in the de¬ 
posited steel results from the grain re¬ 
finement in the underlying layers as they 
are reheated. The final layer will not 
possess this refinement unless an extra 
layer is added and removed or the torch 
is passed over the joint to bring the last 
deposit up to a normalizing temperature. 



Transverse to Joint, 5 In. Plate 


Effects from Oxy-Acetylene Welding 

Distortion .—The steep temperature 
gradient across the base metal surround¬ 
ing the joint being welded is a character¬ 
istic of oxv-acetylene welding that leads 
to distortion of the pieces being joined. 
Various procedures are available to con¬ 
trol or reduce this distortion. Figure 3 
illustrates representative temperature con¬ 
ditions surrounding the pool of molten 
metal transverse to the joint line. A 
somewhat similar pattern exists in a 
longitudinal direction but the temperature 
gradients are not symmetrical. 

Parts to be welded should be securely 
tack-welded in place before applying 
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strength welds, then the section least sub¬ 
ject to distortion should be welded first, 
thus forming a rigid structure for the 
balance of the assembly. 

When design of the structure permits 
welding from both sides, distortion can be 
minimized by welding alternately on each 
side of the joint. Strongbacks or braces 
can be applied to sections most likely to 
distort. The welds may be peened to 
correct distortion. If properly done, this 
method can overcome severe warpage. A 
wandering or backstep sequence of weld¬ 
ing may be used to control distortion. 
This method consists primarily of making 
short welds, with intervening sections left 
unwelded until the initial welds have 
partly cooled. Design of a weldment 
should be such as to minimize distortion 
during welding. 

Metallurgical Effects .—-In the area sur¬ 
rounding a weld, the temperature varies 
from the melting temperature in the weld 
puddle to ambient temperature in the sur¬ 
rounding metal. In steels, the area near 
the weld will be heated well above the 
transformation temperature of the steel, 
with resulting grain growth and harden¬ 
ing on rapid cooling if sufficient carbon 
or other hardening element is present. 
Hardening and grain growth can be min¬ 
imized in oxy-acetylene welding by play¬ 
ing the flame over the weld and adjacent 
aieas after the weld has been completed. 
This procedure retards the rapid cooling 
\\hich normally takes place by conduc¬ 
tion through the plate. It is particularly 
important when the steels being welded 
are of tlie so-called air-hardening type. 
Such steels harden even when relatively 
*dow rates of cooling exist. Hardening 
of the steel is, of course, to be avoided 
because of the corresponding loss of duc¬ 
tility or possible cracking in the weld 
zone. 

The oxy-acetylene flame also allows 
some control of the carbon content of the 
deposited metal and that portion of the 
base metal which has been raised to a 
temperature approaching the liquid state. 
Lse of the oxidizing flame or the pres¬ 
ence of mill scale results in a rapid re¬ 
action between carlxm of the metal and 
oxygen, with the elimination of the car¬ 
bon in the form of carbon monoxide. Use 
"f an excess acetylene flame introduces 
»arbon into the weld metal and into ad¬ 
jacent base metal. 

t pon being heated to a temperature 


range between 800 and 1600° F., unstabi¬ 
lized austenitic stainless steel suffers a 
separation of carbide, which gathers at 
the grain boundaries and lowers corrosion 
resistance in the affected areas—those ad¬ 
joining the weld. If this effect occurs, a 
further heat treatment after welding is re¬ 
quired, unless the steel has been stabilized 
by the addition of columbium or titanium, 
and welded with the aid of a columbium- 
bearing welding rod. The columbium 
combines with the carbon and minimizes 
the formation of chromium carbide. All 
the chromium is left dissolved in the aus¬ 
tenitic matrix so that it can resist corro¬ 
sion to the greatest extent. 

Another factor to be considered in 
welding is the possible tendency to hot 
shortness of the material (a marked loss 
in strength at high temperatures). If the 
base metal has this tendency it must be 
welded with care to prevent hot cracking 
in the weld zone. Allowances must be 
made in the welding technique used with 
these materials and jigging or clamping 
must be done with caution. Proper weld¬ 
ing sequence and multilayer welding with 
narrow string beads helps to reduce hot 
cracking. Refer to Chapters 27 to 37 for 
information on specific materials. 
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tion of some metals during welding makes 
it necessary to use fluxes. Manganese 
and silicon are elements common to plain- 
carbon steel, and they are important in 
oxy-acetylene welding because they react 
readily with oxygen when the metal is 
molten. The reaction produces a very 
thin slag cover. This prevents any oxy¬ 
gen contacting the weld metal, and pre¬ 
vents the formation of gas pockets. When 
the viscosity of this slag covering is 
properly controlled, the molten metal may 
be readily kept in position even against 
the pull of gravity. The action of these 
elements in oxy-acetylene welding is the 
same as in steel making. Just as silicon 
and manganese are used to produce clean, 
deoxidized metal in open-hearth or elec¬ 
tric furnaces these elements are used in 
the molten weld for the same purpose in 
oxy-acetylene welding. For this reason 
tlie correct manganese and silicon con¬ 
tents in steel welding rods are important. 

1 he type of flame used in welding var¬ 
ious materials plays an important part in 
secur.ng the most desirable deposit of 
weld metal. 1 he proper type of flame 
u'th the correct welding technique can 
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be used as a shielding medium which will 
reduce the oxidizing and nitrogenizing 
effect of the atmosphere on the molten 
metal. Such a flame also has the effect 
of stabilizing the molten weld metal and 
preventing the burning out of carbon, 
manganese and other alloying elements. 

Weld Quality .—The defects that can 
occur in welding can be classified into 
two groups depending on whether they 
are apparent or not. A visual examina¬ 
tion of the underside of a weld will deter¬ 
mine whether complete penetration has 
been obtained, or whether there are ex¬ 
cessive globules of metal. Inadequate 
joint penetration may be due to insuffi¬ 
cient chamfering of the edges, too wide 
a root face, too great a welding speed or 
poor torch and rod manipulation. 

Oversize and undersize welds can be 
readily observed. Weld gages have been 
developed that make it easy to determine 
whether a weld has excessive or insuffi¬ 
cient reinforcement. Likewise undercut 
or overlap at the sides of the welds can 
usually be seen. 

While other defects such as incomplete 
fusion, porosity, and cracking may or may 
not be externally apparent, excessive 
grain growth or the presence of hard 
spots definitely cannot be determined 
visually. Incomplete fusion may be a re¬ 
sult of insufficient heating of the base 
metal, too rapid travel or gas or dirt in¬ 
clusions. Porosity is a result of included 
gases, usually carbon monoxide, which 
may be avoided by more careful use of the 
flame and adequate fluxing where needed. 
Hard spots and cracking are a result of 
metallurgical characteristics that were 
mentioned under metallurgical heat 
effects. 

Inspection .—The term inspection usu¬ 
ally implies the formal inspection given 
to welds and welded structures prescribed 
by a code or the requirements of a 
purchaser covering the type of construc¬ 
tion involved. In so far as welding is 
concerned the minimum requirements of 
the codes are inflexible and must be met. 
Codes vary in their requirements some¬ 
what in respect to the testing and in¬ 
spection of the finished structure but all 
have operator qualification procedures. 

An effort to standardize codes has re¬ 
sulted in uniform conditions where weld¬ 
ing is concerned. Chapter 45 contains de¬ 
tailed information on the subject. 

The strict code requirements for welder 


qualifications can sometimes be relaxed 
where a rough check on a welder’s ability 
is desired. Specimens may be oxygen cut 
and tested in bending or nick broken in 
a vise. Welders employed for mainte¬ 
nance and non-critical work can be given 
a test on this basis cheaply and rapidly. 

See Chapter 42 for further information on 
inspection. 

EQUIPMENT USED 

Chapter 4 describes oxy-acetylene 
equipment. Torch tip sizes in relation to 
base metal thickness are given in Chapter 
41 and this information can be used as a 
guide for purchasing or use. The knowl¬ 
edge necessary to weld with the equip¬ 
ment is obtained by training and expe¬ 
rience. 

Manual Equipment 

Any welding torch used by holding in 
the hand can be classed as manual. Most 
oxy-acetylene welding is done manually, 
lienee it is important that the equipment 
be intelligently selected and used. The 
regulators for any particular size of torch 
should have capacity enough for the gas 
flows required. Often oxygen cutting is 
also done by the welder using either 
a cutting attachment on a welding torch 
or a separate cutting torch. Refer to 
Chapter 24 for cutting information and 
to Chapter 46 for safety precautions and 
safe practices in the use and handling of 
welding and cutting equipment. 

Machine Equipment 

When high production welding of . dup¬ 
licate parts is needed, automatic or semi¬ 
automatic welding machines are used 
Gas-welded tubing is an example of a 
practically continuous type of welding 
operation. Parts like washing machine 
tubs, sheet steel tanks and containers are 
welded individually. The gas control 
system for machine welding requires the 
use of a sturdier grade of regulator, valve 
and other equipment than manual weld¬ 
ing. Special welding heads or burners 
are required. Many of these must be of 
the multiflame type. 

Better forming of the components to be 
machine welded is necessary as compared 
to manual welding where widely spaced 
joints can be filled by extra manipula¬ 
tion of the torch and a greater deposition 
of filler metal. Accurate alignment of 
groove edges in the jigs or other holding 
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devices is very necessary. This fact must 
be kept in mind when designing and 
building these parts of the welding ma¬ 
chine. Whether the machine provides for 
movement of the material under the torch 
or movement of the torch over the joint 
is indicated by the nature of the work. 
Tube and circumferential welding is best 
done by moving the work. Longitudinal 
welds in cylindrical shapes which are rel¬ 
atively short usually are made by mov¬ 
ing the torch as the jigs may be heavv 
and massive. Careful attention must be 
given to securing the proper distance 
from the abutting edges of the joint to 
the edge of the jig or clamp. If this dis¬ 
tance is too small, enough heat may be 
removed from the weld puddle to make 
welding difficult. If this distance is too 
great poor alignment is apt to occur when 
heat buckles the joint area. The correct 
distance sometimes must be determined by 
experiment. Where filler metal is needed 
to make the weld, a rod feed is used. It 
may be of the gravity type or a force feed 
by means of rollers contacting the rod. 

Welding Rods 

Metal deposited during welding should 
closely match the properties of the base 
metal. Because of this requirement, 
welding rods of various chemical compo¬ 
sitions have been devised for the welding 
of many ferrous and nonferrous mate¬ 
rials. Obviously, it is important that the 
correct welding rod be selected for any 
particular welding problem. 

The chemical analysis of good welding 
rods must be within the limits specified 
for that particular rod. \ here are many 
proprietary rods on the market for which 
the chemical analysis is not commonly 
known but which are recommended for 
specific applications. (See Chapters 38 
aiid 61 for more detailed information.) 
biller metal must be free from blowholes, 
pipes, non-metallic inclusions and any 
other foreign matter or dirt. The metal 
should deposit smoothly and not boil or 
spark excessively. Allowances are made 
in the chemistry of good welding rods for 
changes which take place during welding, 
so that the deposited metal will be of the 
correct composition. These changes are 
to be expected, but should occur without 
undue sparking or spitting and should 
permit free-flowing metal which will unite 
readily with the base metal to produce 
sound, clean welds. 


In maintenance and repair work it is 
not always necessary that the welding 
rod match the base metal. A steel weld¬ 
ing rod of nominal strength can be used 
to repair parts made of alloy steels broken 
by overloading or accident. An extreme 
example of this apparent side-stepping of 
the rules is the repair of tools such as 
milling cutters made of high-speed tool 
steel, using silver alloys as the brazing 
material. But every effort should be 
made to match the filler metal and base 
metal. \\ here it is necessary to heat 
treat a steel part after welding, carbon 
can be added to a deposit of mild steel by 
the judicious use of the reducing flame, 
although it is preferable to use a low- 
alloy steel welding rod. 

The welding rod plays a much more 
complex role than simply supplying the 
metal to fill the groove. Modern welding 
rods are the result of extensive research 
and development. Early filler metal for 
steel was low-carbon iron and welding 
rods of this material are still sold for 
non-critical welding where cost is a 
tactor. But modern rods with their 
higher tensile strength and greater duc¬ 
tility are used to a far greater extent. 

Fluxes 


With some metals the reaction of the 
oxy-acetylene flame and the oxide of the 
metal are not conducive to easy fusion of 
the weld metal with the base metal. 
Usually this condition occurs when the 
oxides of the metal have a higher melt¬ 
ing point than the metal itself. The 
oxides will not flow from the welding 
zone but remain to become entrapped in 
the solidifying metal and interfere with 
the addition of filler metal. Steel and its 
oxides and slags which form during weld¬ 
ing do not fall in the above category, 
hence no flux is needed. But aluminum, 
for example, forms an oxide with a very 
high melting point and the oxide must be 
removed from the welding zone before 
satisfactory results can be obtained. Cer¬ 
tain substances have been found which 
will react chemically with the oxides of 
most metals forming fusible slags at 
welding temperature. These substances, 
either singly or in combination, have been 

discovered and compounded to make effi¬ 
cient fluxes. 


* »• UUA 

characteristics : 


1- Assist in removing the oxides oc 
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cur ring during welding by forming fusible 
slags which will float to the top of the 
molten puddle and not interfere with the 
deposition and fusion of filler metal. 

2. Protect the molten puddle from 
atmospheric oxygen and prevent the ab¬ 
sorption and reaction of other gases in the 
flame without obscuring the operator’s 
vision or hampering his manipulation of 
the molten puddle. 

3. Clean and protect the surfaces of 
the base metal and, in some cases the 
welding rod, during the preheating and 
welding periods. 

Number 3 above should not be taken to 
mean that proper cleaning in the prepara¬ 
tion of the base metal is not necessary. 
In fact, additional care in this respect 
should be taken with base metals and 
welding rods requiring fluxing. 

Fluxes may be prepared as a dry pow¬ 
der, a paste or thick solution, or as a 
preplaced coating on the welding rod. 
Some fluxes operate much more favor¬ 
ably if they are used dry. Cast iron and 
braze-welding fluxes are usually in this 
class. These fluxes are applied by heat¬ 
ing the end of the welding rod and dip¬ 
ping it into the powdered flux. Enough 
will adhere to flux adequately until the 
flux-coated portion of the rod is con¬ 
sumed. Dipping the hot rod into the flux 
recoats another portion. Dropping some 
of the dry powder on the base metal 
ahead of the welding zone will sometimes 
help, especially when repairing dirty and 
oil-soaked iron castings. 

Fluxes in paste form are usually painted 
on the base metal with a brush and the 
welding rod can be either painted or 
dipped. Commercial precoated rods can 
be used without further preparation but 
in instances requiring additional flux, it 
can be placed on the base metal. Some¬ 
times the rod will have to be dipped in 
powdered flux, if the operator melts the 
flux off too far from the end. 

The common metals and welding rods 

requiring fluxes are bronze, cast iron, 

brass, silicon bronzes, stainless steel and 
aluminum. 

COMMON APPLICATIONS 

General 

Oxy-acetylene welding is used on the 
whole range of commercial ferrous and 
nonferrous metals and alloys. As in any 


welding process, however, physical dimen¬ 
sions and chemical composition must limit 

the weldability of certain materials and 
pieces. 

In gas welding, the temperature range 
through which the metal is taken is prac¬ 
tically the same as that of the original 
casting procedure. The base metal in the 
weld area loses those special properties 
that were given to it by heat treatment or 
working. Therefore the ability to weld 
such materials as high-carbon and high- 
alloy steels is limited b} r the equipment 
available for heat-treating after welding. 
However, such metals are commonly 
welded with success, when the size or 
complicated nature of the piece does not 
prohibit heat-treating operations. 

For wrought iron and plain carbon 
steels, the welding procedure is straight¬ 
forward and offers little difficulty to the 
welder. Sound welds are produced in 
other materials by appropriate variations 
in technique, heat-treating, preheating and 
fluxing. 

I he oxy-acetylene welding process can 
be used for welding metal of considerable 
thickness such as locomotive frames and 
for the usual assemblies encountered in 
maintenance and repair. Cast-iron ma¬ 
chinery frames a foot or more thick at the 
fracture point have been repaired by 
braze-welding. 

Iron and Steel 

As has been indicated, the low-carbon, 
low-alloy steels, cast steels and wrought 
iron are the materials most easily welded 
by the oxy-acetylene process. Only a 
simple technique and no fluxes are re¬ 
quired. 

In oxy-acetylene welding, straight car¬ 
bon steels having more than 0.35% car¬ 
bon are considered high-carbon steels, 
and necessitate special care to maintain 
their particular properties. Alloy steels 
of the air-hardening type also require 
precautions to maintain their properties 
even though the carbon content may be 
0.35% or less. The joint area usually is 
preheated in order to slow the cooling 
of the weld caused by conduction of heat 
into the surrounding base metal. This 
procedure prevents the hardness and brit¬ 
tleness associated with rapid cooling. If 
hardening occurs, a postheat treatment is 
necessary. The welder should use a re¬ 
ducing flame for wielding and should 
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be careful not to overheat the base metal 
and bum out the carbon. The preheat¬ 
ing temperature required depends upon 
the composition of the steel to be welded. 
Temperatures of from 300 to 1000° F. 
have been used. 

For stainless and similar steels, several 
modifications in procedure are required. 
Because of the high content of chromium 
or chromium and nickel, these steels have 
a relatively low heat conductivity. There¬ 
fore a smaller flame is recommended than 
for equal thicknesses of plain carbon steel. 
A neutral flame is used to minimize oxi¬ 
dation because chromium oxidizes easily. 
A flux is used to dissolve oxides and pro¬ 
tect the weld metal. A high chromium or 
chromium-nickel steel welding rod sup¬ 
plies the filler metal. Other steels re¬ 
spond well to variations in technique 
which are discussed in detail in other 
chapters dealing with these particular 
problems. (See Chapters 28 to 31.) 
Table 1 summarizes the basic information 
for welding ferrous metals. 

Cast iron, malleable iron and galvanized 
iron all present particular problems in 
welding of any sort. In cast iron, the 
gray cast-iron structure can be main¬ 
tained through the weld area by use of 
preheat, a flux and an appropriate cast- 
iron welding rod. (See Chapter 27.) 

Nonferrous Metals 

As is the case with the various ferrous 


alloys, the particular properties of each 
nonferrous alloy must be considered in 
selecting the welding technique used for 
it. When the logical precautions are 
taken, little difficulty due to the nature of 
the metal should be encountered. 

For instance, aluminum gives no warn¬ 
ing by change in color prior to melting, 
but appears to collapse suddenly at the 
melting point. Hence, practice in weld¬ 
ing is required to learn to control the 
rate of fusion. Aluminum and its alloys 
also suffer from hot-shortness. There¬ 
fore, they should be adequately supported 
at all points heated during the welding 
Finally, any exposed aluminum surface is 
always covered with a layer of oxide 
which, combining with the flux, forms a 
fusible slag which floats on the top of the 
molten metal. 

In welding copper, allowances an 
necessary for chilling of the weld due tn 
the very high thermal conductivity ot 
copper. Preheating is often necessary 
Also, considerable distortion can be ex 
pected in copper, because the coefficient <>! 
thermal expansion is higher than in othei 
commercial metals. These characteristics 
obviously pose difficulties which must be 
surmounted in satisfactory welding 

I hese examples will suggest the type 
of problems encountered in oxy-acety 
lene welding, as well as the solutions. In 
C hapters 27 to 37, concerned with par¬ 
ticular metals, the discussion is more de¬ 
tailed. 


Metal 

Steel, cast 
Steel pipe 
Steel plate 
Steel sheet 

High carbon steel 
Manganese -.terI 
Cromansil steel 
Wrought iron 
Galvanized iron 

Cast iron, gray 

^ast iron, malleable 
Cast iron pipe, gray 

Cast-iron pipe 

< hromium nickel 
* hromium-nickel 

steel castings 

< hromium nickel steel 

<18 8) and (25-12) 
Chromium steel 

Chromium iron 


Table 1—Welding Data—Ferrous Metalu 


Flame Adjustment 

Flux 

Neutral 


No 

Neutral 


No 

Neutral 


No 

Neutral 


No 

Slightly 

oxidizing 

Vo 

Reducing 

No 

Slightly 

oxidizing 

No 

Neutral 


No 

Neutral 


No 

Neutral 


No 

Slightly 

oxidizing 

Yes 

Neutral 


Yes 

Slightly 

oxidizing 

Yes 

Slightly 

oxidizing 

Yes 

Neutral 


Yes 

Slightly 

oxidizing 

Yes 

Neutral 


Yes 

Slightly 

oxidizing 

Yes 

Neutral 


Yes 

Neutral 


Yes 

Neutral 


Yes 

Neutral 


Yes 


Welding Rod 

S t ce 1 

Steel 

Steel 

Steel 

Bronze 

Steel 

Base metal composition 

Steel 

Steel 

Steel 

Bronze 

Cast iron 

Bronze 

Bronze 

Cast iron 

Bronze 

< 'ast iron or base metal 

composition 

Bronze 

Base metal composition 

25 12 chromium nickel steel 
Columbiuin stainless steel 
or base metal composition 

< olunibium stainless steel 

or base metal composition 

< oliinibiurn stainless steel 

or base metal composition 
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Surfacing Operations 

Applications of oxy-acetylene welding 
to surfacing operations are important and 
common. Since Chapter 21 of this 
Handbook describes these operations in 
detail, they merely will be mentioned here. 

In surfacing, a layer of metal with the 
special properties desired is deposited 
from a welding rod by sweating on or 
welding to the base metal surface. In 
this way, a very hard, abrasion-resistant 
or corrosion-resistant surface may be 
spread on a mild steel part, and so pro¬ 
long the part s usefulness. The surfac¬ 
ing operation offers a simple, low-cost 
means of producing parts that may have 
two to twenty-five times the life of steel 
under similar conditions of service. Sur¬ 
facing materials may be of the work- 
hardening type or of alloys which are 
hard in the as-welded condition. Some 
alloys contain no iron but are made of 
cobalt, chromium and tungsten. Others 
are iron-base alloys containing from about 
5 to 6% alloy additions. See Chapter 38 
for further information on these materials. 

Broken edges, gear teeth and mis- 
machined surfaces can be built up by de¬ 
positing layers of metal that are like the 
base metal in composition. The built-up 
surfaces can then be machined and heat- 
treated so that they will have the same 
properties as the original piece. This ap¬ 
plication makes it possible to reclaim all 
sorts of damaged pieces and results in 

savings in part costs and replacement 
time. 


Industrial Applications 

The wide field of applications, conven¬ 
ience and economy of oxy-acetylene weld¬ 
ing are recognized in practically all of the 
metal-working industries. The process is 
widely used in such fabricating industries 
as sheet metal, tubing, aircraft, industrial 
piping and automotive. It is also gain¬ 
fully used in laying pipe lines and in ship¬ 
yards as well. See Chapters 47 to 57 
for detailed information. 

However, the one field in which the 
process is most widely used and accepted 
is in maintenance and repair, where its 
flexibility and mobility result in great 
savings in time and labor. The typical, 
small, self-contained unit of an oxygen 
cylinder and an acetylene cylinder on a 
two-wheeled stand can be wheeled any¬ 
where in a plant, or easily carried 
into the field on a small truck, going 

wherever a breakdown may have occurred. 
Oxy-acetylene welding has been shown to 
be particularly suited to the needs of steel 
mills, railroad shops, machine shops and 
automobile repair shops, as well as in 
shops devoted entirely to welding, whose 
main business may be in repair of many 
sorts of small and large industrial and 
household equipment. 

The fact that the same gases and equip¬ 
ment can be used in cutting, brazing, 
soldering, heat treating and surfacing, as 
well as welding, makes the oxy-acetylene 
process particularly attractive in so far as 
convenience and economy in initial in¬ 
vestment are concerned. 


BIBLIOGRAPHY 


1. Oxy-Acctylene Welding and Its Applica- 
ti°n, international Acetylene Association, 1938. 

c** i t onze Welding or Brazing of Iron and 
Steel by the Oxy-Acetylene Process, Inter¬ 
national Acetylene Association, 1938. 

3. Instructions in Oxy-Acctylene Welding 

and Cutting Processes (Lectures), Air Reduc¬ 
tion bales Company, 1940. 


A . 1 * 3 4 - The Oxy-Acctylene Handbook, The Linde 
Air Products Company, 1943. 

5. Stability of Oxy-Acctylene Flames, L. D. 
Conta, The Welding Journal, November 1948. 

6. Oxy-Acetylene Welding and Cutting, S. 
I I.urailey, ^ Revised by T. B. Jefferson, McGraw- 
Hill Book Company, Inc., 1949. 



CHAPTER 6 


OXY-HYDROGEN, OXy.(OTHER FUEL GAS) 

AND AIR-ACETYLENE WELDING* 


A. OXY-HYDROGEN 
WELDING 


FUNDAMENTALS OF PROCESS 


Definition and General Description 

Oxy-hydrogen welding is a gas-weld¬ 
ing process wherein coalescence is pro¬ 
duced by heating with a gas flame or 
flames obtained from the combustion of 
hydrogen with oxygen, without the ap¬ 
plication of pressure and with or without 
the use of filler metal. 

The formula for the combustion of 
oxygen and hydrogen in this process is 
represented by the classical equation for 
the formation of water vapor from oxy¬ 
gen and hydrogen: 2H S -f 0 2 —* 2H z O. 
However, visual observation cannot be 
employed in adjusting an oxy-hydrogen 
flame to obtain the theoretical propor¬ 
tions of two volumes of hydrogen to one 
volume of oxygen. The flame is almost 
invisible, and does not provide any dis¬ 
tinguishable index of gas proportions, 
i herefore it is standard practice in oxy- 
hydrogen welding to employ torch-sup- 
phed, volumetric ratios of hydrogen to 
oxygen of 2 V* to 1, to 6 to 1. (Torch sup¬ 
plied is used herein to indicate oxygen 
supplied from a cylinder or pipe line 
as distinguished from oxygen derived 
from the atmosphere.) In practice the 
operator usually adjusts the oxygen-hy- 
diogen ratio so as to obtain the most 
ieat, but not quite to the point where 
oxide forms on the weld puddle. Al¬ 
though an increase in the proportion of 
lydrogen results in a lowering of the 
flame temperature, this condition does 
assure a reducing atmosphere in the 
flame, or what is more important, the ab- 
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sence of an oxidizing condition. Control 
of the volumetric proportions is secured 
through adjustment of the hydrogen reg¬ 
ulator. Aside from lowering the flame 
temperature, excess hydrogen will not 
cause any ill effects since the reducing 
atmosphere does not leave any carbon de¬ 
posits. 

Oxy-hydrogen welding is a relatively 
low-flame-temperature operation. There¬ 
fore it is used principally for the weld¬ 
ing of low-melting-point metals, although 
there have been limited applications of 
this process for the welding of steel in 
light-gage sections and on small parts. 
The oxy-hydrogen flame is also used to 
a limited extent for braze-welding and 
brazing operations where, again, low tem¬ 
peratures are desired. Because of the low 
temperatures encountered in this process, 
the heat effects will not be as great as 
with other welding processes and warp¬ 
ing and residual stresses will be less. 

Weld Quality 

The quality of welds produced with the 
oxy-hydrogen process is equal to that 
produced with other processes provided 
good welding practice is observed. Such 
weld defects as may be encountered arc 
attributable to the same sources as in 
other welding processes. About the only 
peculiar feature of oxy-hydrogen welding 
is the problem of flame adjustment as dis¬ 
cussed above. If an oxidizing flame is 
used, there will be little visible evidence 
m the flame to guide the operator. How¬ 
ever, the condition will immediately be 
apparent when the metal is melted be¬ 
cause of the formation of oxide. 


EQUIPMENT USED 


General 


Oxy-hvdrogen welding is very similar 
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in most respects to oxy-acetylene weld¬ 
ing and therefore much of the equipment 
used in the latter process is entirely suit¬ 
able for oxy-hydrogen welding. Thus 
the same torches, mixers, tips and hose 
are used for both. A standard oxygen 
welding regulator is used on the oxygen 
cylinder; a regulator specifically designed 
for use with hydrogen must be employed 
with the hydrogen cylinder. 

In permanent installations where a 
number of oxy-hydrogen welding opera¬ 
tions are carried on simultaneously it is 
advantageous to manifold both the oxy¬ 
gen and the hydrogen and deliver them to 
the welding stations through a properly 
designed and installed piping system. 

Virtually no automatic oxy-hydrogen 
welding is done. There have been mech¬ 
anized welding and brazing setups de¬ 
veloped, but in general these employ 
standard, manual welding equipment. In 
automatic brazing operations, using silver 
alloys, multiflame tips connected to stand¬ 
ard torches have been used to a limited 
extent to provide for mechanized opera¬ 
tions on a production basis. These multi¬ 
flame tips were primarily designed for 
oxy-acetylene welding and are merely 
adapted to oxy-hydrogen welding. 

It should likewise be noted that 
for equal heating effects, oxy-hydrogen 
welding in general will require a larger 
size tip than would be necessary for oxy- 
acetylene welding. 

Gases 

The properties, use, storage and dis¬ 
tribution of oxygen are covered in Chap¬ 
ter 4, Gas Welding Equipment. Hydro¬ 
gen generally is produced by the elec¬ 
trolysis of water. It is shipped, at a pres¬ 
sure of about 1800 psi., in steel cylinders 
having capacities of about 176 cu. ft. or 
2000 psi. and 194 cu. ft. according to reg¬ 
ulations of the Interstate Commerce 
Commission. The hydrogen in these 
cylinders is of a purity of about 99.5%. 

I he conventional hydrogen cylinder is 
similar in appearance to an oxygen cyl¬ 
inder but is distinguishable by distinctive 
color marking and has different cylinder 
valve threads. 

The procedure for and the safety reg¬ 
ulations applying to the connecting of 
an oxy-hydrogen welding outfit are simi¬ 
lar to those detailed for oxy-acetylene 
equipment. (See Chapters 4 and 46.) The 
fact that hydrogen is a colorless, odor¬ 


less and tasteless gas must be recognized 
and care must be exercised to prevent its 
escape in unventilated spaces. 

COMMON APPLICATIONS 

The oxy-hydrogen flame supplies a 
source of heat for such low-temperature 
operations as the welding of low-melting- 
point metals, brazing and braze-welding. 
The versatility of the oxy-acetylene flame 
enables it to perform a wide variety of 
welding operations, but the feature of 
high flame temperature coupled with high 
heat capacity may at times prove undesir¬ 
able. 

The oxy-hydrogen flame finds exten¬ 
sive use in the welding of aluminum and 
its alloys, particularly in the thinner sec¬ 
tions. Here the lower flame temperature 
and heat input make control of the molten 
metal easier than with the oxy-acetylene 
flame. Joint designs, welding techniques, 
and the use of filler metal and flux are 
the same with oxy-hydrogen welding as 
with oxy-acetylene welding which is 
covered in Chapter 5. (See Chapter 32 
for further information on the welding 
of aluminum.) 

The welding of lead (often erroneously 
referred to as lead burning) is another 
field for the oxy-hydrogen flame. The 
low-melting point of this metal dictates 
the use of this flame. Oxy-hydrogen 
welding is preferred for lead in thick¬ 
nesses up to about 1 U or 3 / 8 inch. For 
greater thicknesses the oxy-acetylene 
flame is generally used because of the 
greater heat required. Another advan¬ 
tage in the use of oxy-hydrogen welding 
for lead is the fact that it will not yield 
deposits of carbon which accelerate cor¬ 
rosion in welded lead assemblies. (See 
Chapter 36 for further information on 
the welding of lead.) 

Magnesium and its alloys represent an¬ 
other field for oxy-hvdrogen welding. 
The welding of magnesium is similar in 
many respects to the welding of alumi¬ 
num. (See Chapter 33 for further in¬ 
formation on the welding of magnesium.) 

The oxy-hydrogen flame finds limited 
use in torch brazing, using silver braz¬ 
ing alloys. In such applications the 
operations are usually mechanized, the 
oxy-hydrogen flame affording a means 
of controlling the extent of heating. 
Usually the heat is applied through flat 
tips, each equipped with a multiplicity of 



OXY-OTHER FUEL GAS WELDING 


163 


small, closely spaced orifices. The parts 
to be brazed, after being cleaned, fluxed 
and having the alloy preplaced, are me¬ 
chanically fed through the zone of the 
heating flames. 

B. OXY- (OTHER FUEL GAS) 

[WELDING 

FUNDAMENTALS OF PROCESS 


are lighter, the smaller sizes of equip¬ 
ment are used. In addition, cupped or 
skirted tips are sometimes used for braz¬ 
ing. 

It is possible to manifold these fuel 
gases, in a manner similar to that em¬ 
ployed for other fuel gases, where the 
magnitude of operation warrants. (This 
is a fairly common practice where these 
fuel gases are used for cutting.) 


Definition and General Description 

There are many fuel gases which may 
be burned with oxygen as a source of 
heat. Some of these are obtained as by- 
products of other processes, some are 
manufactured and others are obtained 
from nature. In general, the flame tem¬ 
peratures resulting from combustion of 
these fuel gases when burned with oxy¬ 
gen are lower than those obtainable with 
oxy-acetylene or oxy-hydrogen flames. 
However, under some conditions these 
lower flame temperatures may be desir¬ 
able. In addition, their economic avail¬ 
ability may dictate their use in special 
conditions. Among these other fuel gases 
more commonly used in welding and 
brazing operations are: 

1. Manufactured gas: a mixture of 
carburetted water gas and/or coal gas 
enriched with gas oils or natural gas. 
(Sometimes called city gas.) 

2. Natural gas: obtained from natural 
gas wells. Its principal constituent is 
methane, although its specific composi 
tion varies with locality. 

3. Propane, Butane: These and other 
hydrocarbon gases are largely petroleum 
derivatives. 


Weld Quality 


Where used, these processes produce 
welds of quality equal to that obtained 
with other welding processes. Where 


propane or butane is used, the problem of 
securing a non-oxidizing flame of suffi¬ 
cient temperature limits the field of ap¬ 
plication. 


EQUIPMENT USED 

General 

Except for fuel-gas regulators the 
equipment used, including torches, tips 
and hose, is the same as that used for 
oxy-acetylene or oxy-hydrogen welding, 
lowever, since the welding operations 


Gases 

The properties of these fuel gases are 
covered in Chapter 4. 

Manufactured and natural gases are 
generally taken from the gas mains. Pro¬ 
pane, butane, etc., are stored and shipped 
in pressure containers subject to the reg¬ 
ulations of the ICC. The usual safety 
precautions should be observed when 
handling these gases. 


COMMON APPLICATIONS 

I he most common applications for 
oxy-(other fuel gas) welding are the 
welding of lead, and torch brazing using 
silver brazing alloys. 

C. AIR-ACETYLENE 
WELDING 

FUNDAMENTALS OF PROCESS 

Definition and General Description 

Air-acetylene welding is a gas-welding 
process wherein coalescence is produced 
by heating with a gas flame or flames ob¬ 
tained from the combustion of acetylene 
with air, without the application of pres¬ 
sure and with or without the use of 
filler metal. 

When a fuel gas is burned with air the 
flame temperature is lower than that ob¬ 
tained with the same gas burned with 
oxygen. The reason for this is apparent 
when it is remembered that air contains 
approximately 7* by volume of nitrogen 
which is neither a fuel gas nor supporter 
°f combustion. Therefore acetylene 
burned with air produces even lower 
flame temperatures than the gas combina¬ 
tions discussed in sections A and B of 
this Chapter. The heat available also is 
lowered; therefore the air-acetylene 
dame is suitable only for welding 'light 
sections of lead, light brazing operations 
ana soft-soldering. 

Within this limited field of application 
the quality of welds is satisfactory. 
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EQUIPMENT USED 

Torches for air-acetylene welding are 
generally designed to operate on the 
Bunsen burner principle, i.e., the acety¬ 
lene flowing under pressure aspirates the 
appropriate amount of air to provide 
combustion. For small operations, the 
acetylene usually is supplied from a small 
cylinder which is frequently equipped 
with a pressure-reducing valve. For 
somewhat larger operations, and those 
small cylinders not equipped with pres¬ 
sure reducing valves, an acetylene pres¬ 
sure reducing regulator is necessary. 
Since a hose is not required for the air, 
only one hose is needed—to convey the 


acetylene to the torch. Flame adjustment 
is obtained by adjusting the amount of air 
admitted to the Bunsen jet. 

COMMON APPLICATIONS 

Air-acetylene welding is sometimes 
used for welding lead up to about Vie 
or /i inch. Another field of application 
is torch brazing with silver brazing al¬ 
loys where the mass of parts is such 
that the limited heat required can be sup¬ 
plied by this type of equipment. Perhaps 
the greatest field of application for air- 
acetylene equipment is in soft-soldering 

copper pipe joints and electrical connec¬ 
tions. 
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PRESSURE GAS WELDING* 


FUNDAMENTALS OF PROCESS 



and General Description 


Pressure gas welding is a gas-welding 
process wherein coalescence is produced 
simultaneously over the entire area of 
abutting surfaces, by heating with gas 
flames obtained from the combustion of 
acetylene with oxygen and by the appli¬ 
cation of pressure without the use of filler 
metal. 1 he two modifications in use are 
the closed-joint and the open-joint 
methods. In the closed-joint method, the 
clean square faces of the parts to be 
joined are butted together under moder¬ 
ate pressure and heated by gas flames 
until a predetermined upsetting of tin* 
joint occurs. In the open-joint method, 
the faces to be joined are individually 
heated by the gas flames to the melting 
temperature and then brought into con¬ 
tact for upsetting. The process in both 
modifications is ideally adapted to mech¬ 
anized operation, and practically all com¬ 
mercial applications are either partially 
or fully mechanized. Pressure gas weld- 
iug is being used for welding the com¬ 
plete range of low- and high-carbon, low- 
ami high alloy steels, and several of the 
nonferrous metals and alloys, but at the 
present time is applicable only to the 
making of butt joints. 

As the metal along the interface in the 
dosed-joint method does not attain the 
melting point, the mode of welding i> 
different from that in fusion-type weld- 
•ug. Generally speaking, welding takes 
place by the action of grain growth, dif- 
umou and grain coalescence across the 
interface under the impetus of high tem¬ 
perature—about 2200° F. for low-carbon 
steel and upsetting or pressure. That 
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these forces are capable of creating a 
high-grade weld has been amply demon¬ 
strated in several research programs. 
The welds thus made are characterized 
by a smooth-surfaced bulge or upset at 
the weld (see Fig. 1), and the general 
absence of fused metal in the weld zone. 
In the open-joint method, welding takes 
place in the molten state, but most of the 
melted metal is squeezed from the inter¬ 
face by impact pressure. The welds thus 
made resemble flash welds in general ap¬ 
pearance. 



—Typical Pressure Welds in 1- and 
1 1 4-In. Dicim. Bars 


Principles of Operation 

Closed-Joint Method 

I lie faces to be welded are butted to¬ 
gether. and an initial end pressure is ap¬ 
plied prior to the start of the welding 
cycle to assure intimate contact of weld 
faces. I he metal is heated and, after 
proper temperature has been reached, is 
upset sufficiently to produce a weld. 
Torches. Heating is generally done by 

means of multiflaine oxy-acetylene torches 

°} the water-cooled type. These are de- 
Mgned to generate sufficient heat and to 
distribute this heat uniformly througb- 
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out all sections to be welded. Simple 
sections, such as squares or rectangles, 
may be heated from two or four sides 
with flat-faced heating heads. For sec¬ 
tions over 1 in. in thickness, it is advis¬ 
able to heat from all sides, as shown in 
Fig. 2. It is often necessary to take pre¬ 
cautions against overheating of corners 
when heating square-ended specimens 
from all sides by using smaller-sized 
flame ports at the ends ot the torches. 


of work from the welding machine. A 
typical head of this type is shown in Fig. 

3, for welding 27*-in. diam. by 7<-in. wall 
tubing. 

When more complicated shapes are to 
be welded, more elaborate heating heads 
are required. These should conform to 
the shape to be welded in such a manner 
that uniform heating will result through¬ 
out the section to be welded. Examples 
of such head> are those used for welding 



Fig. 2.—Torch Arrangement Used for Welding a Ring of Type 321 Stainless Steel in a l 7 /*- by 

2 6 /*-In. Section 


This is particularly true of the high- 
carbon steels and such alloys as unstabi¬ 
lized stainless steels. Except for welding 
material less than 7<-in. thick, the torches 
are usually oscillated across the interface 
through a path about equal in length to 
the thickness of the material. This pre¬ 
vents local overheating and promotes 
penetration of the heat into the full sec¬ 
tion being welded. 

Solid or hollow rounds, such as shafts 
or piping, are usually welded with circu¬ 
lar ring burners which may be of the 
split type for easy loading and removal 


railroad rails and also those used for 
welding two forgings to form an aircraft 
propeller barrel assembly as shown in 
Fig. 4. 

In general practice, each heating head 
is supplied with mixed gases from a 
separate mixer or torch connected 
through a separate set of oxygen and 
acetylene regulators to the main gas 
supply. In this manner, the gas flow, 
hence heat delivery, of each head can be 
adjusted individually and maintained 
within close limits. The best practice in 
this respect requires that the oxygen needle 
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Fig. 3. Split Annular Torch for Pressure-Welding Piping. Tubing or Solid Round 


* *CJ. 4.-—Sot of 9 Heating Heads Used for Weld i nr. Ai t *. n ,, 
Assemblies. The Part Being Welded Is Shown in the WhiU ^f Propeller Barrel 

F * lr of on the Left Is Shown in the Retracted Position ° 0r ° SeCtl ° n8 ' Th « 
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valve on the torch be wide open, and that 
all regulation of oxygen flow be accom¬ 
plished at the regulator. The acetylene 
should be adjusted to a faint feather to 
assure the absence of an oxidizing flame. 
Where a volume of less than 250 cu. ft. 
per hr. is required for each head, ordi¬ 
nary manual welding torches may be used 
with proper adapters for connecting to 
the heating heads, but with greater flows, 
larger machine-type torches will be 
necessary. In special applications requir¬ 
ing the use of multiple heating heads, and 
when it is important that the heat delivery 
by all heads be closely similar, they may 
be manifolded in such a manner that 
equal amounts of gases are automaticallv 
delivered to each head. It is preferable 
in all cases that the torch or mixer be 
placed relatively close to the heating head 
but far enough away from the hot gases 
to avoid trouble from overheating. 


ing. Adequate provision for maintaining 
parallelism of pressure application is 
therefore essential. 

End Preparation .— 1 The quality and type 
of end preparation of surfaces to be 
welded are dependent upon the type of 
steel. In general, good-quality welds are 
made most easily and consistently if the 
abutting ends are machined or ground to 
a smooth, clean surface. Freedom from 
oil, rust, grinding dust and other foreign 
material is of greatest importance, and 
cleaning of the surfaces with a suitable 
solvent is general practice. The geometry 
of the abutting faces depends upon the 
application and material used. For weld¬ 
ing low-carbon steels, the abutting faces 
are usually beveled to a 6- to 10-deg. in¬ 
cluded angle, the open side of the angle 
facing the flames. With higher carbon 
steel and the low-alloy and high-alloy 
steels, the abutting faces should be square, 
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Fig. 5.—Joint Designs for Pressure Gas Welding 


Pressure and Alignment Requirements. 

The apparatus for pressure-welding 
must be designed not only to apply the 
desired pressure, but also to prevent side¬ 
slipping and misalignment while the as¬ 
sembly is in the plastic state during weld- 


flat and smooth. This also holds for such 
nonferrous alloys as Monel, Nichrome 
and copper. Some control of the shape 
of the upset can be obtained by pre-bevel¬ 
ing of the parts or by proper disposition 
of the weld zone. Figure 5 illustrates 
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typical joint preparations for pressure gas 
welding and the disposition of the metal 
in the completed weld. 

W elding Cycle .—The general pro¬ 
cedure for setting up a pressure gas weld¬ 
ing operation is as follows : Assume that 
it is desired to weld two 5-in. diam. by 
‘/•-in. wall steel pipes. For welding 
material of this thickness, heat may be 
applied from one side only and for con¬ 
venience is usually applied from the out¬ 
side. A split head is therefore obtained 
which will provide small oxy-acetylene 
flames at intervals of about V* in. for the 
full circumference of the pipe. The head 
is usually made so that the tips of the 
flames are about 7* in. from the original 
face of the pipe. The required gas flow 
may be judged from the curve in Fig. 6 
showing gas consumption per foot per 
inch of thickness. Usually the flame 



6.—Oaygon Consumption vs. Material 

Thickneua 


ports are about No. 73 drill size. The 
head is mounted in the saint* plane as the 
interface with provision for some oscilla¬ 
tion. 1 he abutting ends of the pipe are 
beveled to an included angle of 6 to 10 
degrees with a smooth, clean finish. The 
pipes are placed in the machine, lined up 
and an end pressure equal to 1500 psi — 
or in this case 5850 lb. total pressure—is 
applied. While this pressure is main¬ 
tained, the heads are lighted and oscil¬ 
lated through a short stroke across the 
weld joint. As the weld zone heats up, 
the beveled ends close, preventing any 
oxidation at high temperature. With in¬ 


creasing temperature, the steel becomes 
unable to support the initial load. The 
time at which this occurs should be close 
to that indicated on Fig. 7, or about one 
minute for 7<-in. material. At this time 
the metal is at welding temperature for 
its full thickness, and the upsetting pres¬ 
sure equal to 4000 psi. or 15,600 lb. total 
pressure is applied until the weld zone 
shortens V i« in., which'.is the preferred 
shortening for steel of this thickness. 



Fig. 7 —Welding Time vs. Material Thickness 


1 he torches may then be extinguished 
and the assembly removed from the 
machine. 

I here are a few modifications of this 
basic method, the principal variation be¬ 
ing in the sequence of application of pres¬ 
sure. These modifications are introduced 
to conform to the special requirements of 
some metals. For instance, the constant 
pressure method is recommended for 
welding high-carbon steels, such as rails 
and reinforcing bars. The predeter- 

. u ’ cMing pressure, for instance 
- 800 P«- for rail steel, is applied when the 
work is lined up in the machine and is 
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maintained continuously during the entire 
cycle. The metal starts to upset gradu¬ 
ally at a temperature considerably below 
the melting point of the metal, and heat¬ 
ing and upsetting are continued until a 
predetermined shortening of the weld 
zone has taken place. With this method, 
the welding conditions and amount of up¬ 
set are selected to allow pieces to attain 
the proper temperature, usually between 
2000 and 2200° F., before the end of the 
welding period. The heating torches are 
turned off, either manually or automati¬ 
cally, after the upsetting has been halted. 


justed so that the metal just begins to 
upset as proper temperature is attained, 
and thereby serves as an indirect guide to 
ensure proper temperature. The high 
initial pressure may also be adjusted to 
allow upsetting to take place at a maxi¬ 
mum temperature of 1400° F., and thereby 
seal the faces before they have a chance 
to oxidize. This method has also been 
found useful for welding pipe lines when 
the occasional out-of-round or out-of- 
square ends are encountered. Where this 
condition exists, good welds can be pro¬ 
duced by applying a pressure of aboui 



Table 1— 

■Typical Pressure Cycles 
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Type of Metal 

Method 

Initial 

Lna pressure, Jrsi.— 
Intermediate 

Final 

Low-carbon steel 
High-carbon steel 
Stainless steel 

Monel 

Steel, carbon and alloy 

'T' 1 . . 

Closed joint 
Closed joint 
Closed joint 
Closed joint 
Open joint 

4 * * a ^ 

500-1500 
2,700 
10,000 
6,500 
• • • • 

• • ft • 

• • • • 

5,000 
• • • • 

• • • • 

4,000 

2,700 

10,000 

6,500 

4000-5000 


* — -^ -— ------- A 

leased or retained until after the metal 
has cooled somewhat in order to avoid 
possible distortion in handling. 

A second variation of the basic method 
is especially applicable to high-chromium 
steels and nonferrous metals. A high 
initial pressure of 6000 to 10,000 psi. is 
applied before the heating is started and 
is maintained only until the metal in the 
weld zone starts upsetting. This pressure 
keeps the faces in close abutment and pre¬ 


A - -- — " - » V* AA Q VA A V 

torch stationary over the joint, thus clos¬ 
ing the abutting surfaces without oxida¬ 
tion of the interface. After this prelim¬ 
inary step, welding continues in accord¬ 
ance with the established procedure. 

Examples of typical pressure cycles 
used in pressure gas welding are given in 
Table 1. Table 2 gives data on the aver¬ 
age dimensions of closed-joint pressure 
welds in material of various thicknesses. 



Table 2—Joint Dimension Data for Pressure Welds 0 with Plain Butt Joints, 

Closed-Joint Method 


Material 

Thickness 
or Diameter, 

In., T 

Length 
of Upset 

In., L 

Approximate Height 
of Upset, 

In., H 

Total 

Shortening, 

In. 

V 8 

a /i 6—V 4 

Vie 

Vs 

V* 

4% s 

6 /io—V 2 

8 / 32 

1/4 

8 /s 

Vl0- 8 /8 

Vs 

s /ia 

V2 

8 /4- 7 /8 

Vie 

8 /s 

*/l 

lVlO-lVl6 

V4 

Vs 

1 

1V4-1V2 

3 /8 

«/8 


hold only for applications where heat is applied to both faces. For open-joint method the 
dimensions are usually unspecified as they depend upon the welding conditions. 


vents oxidation of the interfaces. The 
pressure is then reduced until the metal 
has attained the necessary temperature, at 
which time the pressure is again raised 
to produce a rapid upsetting action. The 
low intermediate pressure may be ad- 


17 ^setting .—The quality of the weld 
depends to an important degree upon the 
attainment of proper shortening during 
the welding operation. The amount of 
shortening or longitudinal contraction of 
the weld zone is proportional to the 
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thickness of the material. Recommended 
amounts of shortening are given in Table 
2. These values are usually measured 
from fixed points either on the specimens 
or on the clamping jigs. 

Open-Joint Method 

Torches. —The most satisfactory heat¬ 
ing head is a flat multiflame-type burner 
such as shown in Fig. 8 which gives a 
uniform flame pattern conforming to the 
cross-section of the members to be welded. 



Fig. 8.—Schematic Drawing of Torch and 
General Setup for the Open-Joint Method of 
Pressure Gas Welding 

An alternative type of head, providing a 
single or double line of flames directed 
into the opening of the joint, repre¬ 
sents a satisfactory type that can be used 
successfully for welding thin sheet mate¬ 
rial. Both types of heating heads are 
water-cooled. 

Good alignment of the heating head 
with respect to the faces of the joint is 
important to avoid oxygen absorption and 
to obtain uniform melting and subsequent 
upsetting. A removable spacer block ac¬ 
complishes this function rapidly and ac 
curately. 

Actual gas flows will vary with the size 
and shape of the pieces to lie welded 
With bars of small diameter, flows as 
high as 250 cu. ft. per hr of acetylene per 
square inch of cross-section are often 
used, and the faces are brought to a 
molten condition in a few seconds. On 
large sections, practical design considera¬ 
tions may reduce the gas consumption to 
as low as 60 cu. ft. per hr. of acetylene 
per square inch of cross-section with a 
corresponding increase in heating time 

Pressure and Alignment Requirements. 

Machines for open-joint pressure gas 


welding must provide more accurate 
alignment and must be of more rugged 
construction than machines for the closed- 
joint method in order to absorb the im¬ 
pact forces resulting from the rapid, al¬ 
most impact, closure. Machines similar 
to those used for flash welding are quite 
suitable. 

End Preparation .—Since the ends are 
thoroughly melted before the weld is 
made, a saw' cut is as satisfactory as a 
finely ground surface. A thin layer of 
rust has little effect on the quality of the 
subsequent weld, but major amounts of 
foreign substances such as rust or oil 
should be removed before welding. 

Welding Cycle .—The general procedure 
for open-joint pressure gas welding is to 
align the specimens with the suitable 
torch placed betw r een the opposing ends 
or, in the case of thin materials, so that 
the flames pass between the opposing ends 
for the full length of the seam. The 
torches are lighted and the flames are 
directed against the ends of the specimens 
until a film of molten metal develops over 
the entire surface. The torch is then 
rapidly withdrawn, and the faces are 
brought together as rapidly as possible 
with a constant pressure of 4000 to 5000 
psi. No heating is applied during the up¬ 
setting, and the pressure is maintained 
until the upsetting ceases. Care is taken 
not to release the grips before the weld 
zone is properly solidified in order to 
avoid warping. Figure 9 shows the typi¬ 
cal appearance of a pressure weld made 
in this manner. 



Upsetting .—The total upset is con¬ 
trolled by the pressure used and by the 
resistance of the hot, plastic metal. 
Therefore, no fixed amount of upsetting 
or shortening is required. 
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Effect of Process on Metals Welded 

In general, pressure gas welding has a 
minimum effect on the mechanical and 
other properties of the base metals in¬ 
volved. Owing to the high heat content 
of the metal in the weld zone, the cooling 
rate following pressure gas welding is 
quite low. Tests have shown that on 
base metal over 1-in. thick, it approxi¬ 
mates the rate at the far end of a Jominy 
specimen and hence is equivalent to quite 
slow cooling. In the closed joint method, 
the maximum temperature during weld¬ 
ing is below the melting point and also 
below the temperature at which overheat¬ 
ing and maximum grain growth occur. 
The weld zone is, therefore, free from 
coarsened grains and from overheated 
metal. In the open joint method, the 
metal that is melted is squeezed out of 
the joint leaving only a thin film of fused 
metal. Thus, metals such as high-carbon 
steel and some nonferrous alloys which 
are notably hot-short or subject to over¬ 
heating may be pressure gas welded satis¬ 
factorily. Another important factor is 
the absence of deposited metal. The en¬ 
tire weld zone is composed of base metal, 
and hence the properties of the weld zone 
are the properties of the base metals as 
affected by the heat of welding. This, of 
course, includes the effect of heat on the 
corrosion resistance of welded stainless 
steels. If unimpaired corrosion resist¬ 
ance is desired, stabilized alloys must be 
used, or the welded assembly must be 
heat treated after welding. 


Pressure gas welds in low-carbon steels 
seldom require heat treatment as the 
heat-affected zone in such steels is usually 
well normalized and relatively stress-free. 
It has not been found desirable or neces¬ 
sary to stress relieve pressure-welded 
joints in assemblies of ordinary low-car¬ 
bon steel. However, pressure gas weld¬ 
ing has been employed on many low’-alloy 
and high-carbon steels for fabricating as¬ 
semblies subject to high service stresses 
and heat treating after welding has been 
necessary. Frequently, this heat treating 
may be done with the same heating heads 
used for welding. One important ex¬ 
ample is in rails. Here, because of the 
slow cooling following pressure gas weld¬ 
ing, the metal in the annealed zone on 
each side of the weld may be too soft, so 
standard practice includes one step in 
which the weld zone is heated to a nor¬ 
malizing temperature using heating heads 
that are similar to those used for welding. 
This assures uniform heating of the rail 
section. Air-cooling from this normaliz¬ 
ing temperature restores the desired hard¬ 
ness. Similarly, heat treatment with the 
welding flame has been found to be suit¬ 
able for developing high physical proper¬ 
ties in several low-alloy steels, notably 
when welding oil well tool joints. Such 
heat treatment, which is essentially a 
normalizing operation, recrystallizes the 
grains in the weld zone and tends to re- . 
store the original ductility and toughness 
of the metal. On the other hand, for 
highly hardenable steels, annealing or 
slow cooling after the welding operation 


Table 3 Mechanical Properties of Pressure Welds 


Material 


Thickness 


Condition 


Low-carbon steel 12-gage cylinder As-welded 

Vi-in. pipe As-welded 


steel 

SAE 1045 

Rail steel 

NE 8740 

NE 8620 

Lo\y-alloy & dis¬ 
similar alloys 
Stainless* steel 
to low-carbon 
steel 

Stainless** steel 
to nickel 
alloys 


l 1 /4-in. diam. 

round 
112-lb. rail 

1-in. diam. 

1-in. diam. 

5-in. O.D. by 
Vs-in. wall 
V 2 in. by 6 in. 


3-in. diam. 


Torch- 

normalized 

Torch- 

normalized 

Torch- 

normalized 

Torch- 

normalized 

Torch- 

normalized 

As-welded 


As-welded 


Yield 

Point, 

Psi. 

27.200 
• • • • 

64,000 

61,500 

83,000 

68,000 

69,000 

32.200 

37,600 


-Tensile Test-. 

^ % % 

Tensile Elon- Reduc- Free 

Strength, gation tion Bend 

Psi. in 2 In. of Area Test 


48,300 

23.8 

• • • • 

Flat 

75,000 

25.0 

• • • • 

Flat 

98,000 

• • • • 

• • • • 

• • • • 

130,250 

14.80 

20.1 

• • • • 

111,000 

• • • • 

• • • • 

• • • • 

88,300 

• • • • 

• • • • 

• • • • 

105,900 

• • • • 

• • • • 

33.0% 
in Va in. 

58,900 

• • • • 

• • • • 

• ♦ • • 

98,000 

31.3 

37.5 

30.0% 
in V 2 in. 


Charpy 
Vee 
Notch 
Impact, 
Ft.-Lb. 


21 . 0 ° 
• • • * 

28.0 


23.0 

45.0 

24.0 


• • 


0 One third size. 
b Grade D drill pi pc and SAE 3140 Steel. 


* 12% chromium steel to 0.10% carbon steel 
d Silchrome valve steel to Nichrome alloy. 
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may be necessary to prevent hardening or 
surface cracking of the weld zone. How¬ 
ever, for developing the optimum proper¬ 
ties of welds in heat-treatable steels, fur¬ 
nace heat treatment is commonly used, 
and it has been pointed out in several 
literature references that the welded as¬ 
semblies respond in the same manner as 
the original base metals. 


Weld Quality 

Mechanical Properties .—Since there is 
no deposited metal in pressure welds, 
the mechanical properties of good-quality 
welds depend upon the base metals in¬ 
volved. Table 3 gives typical test data 
taken from the literature and from some 
unpublished applications of pressure gas 
welding. In cases where dissimilar 
materials have been joined, the properties 
are most nearly those of the weaker 
member. The thickness and shape of the 
material are given in most cases and also 
the condition after welding. 

Hardness .—The hardness of the metal 
adjacent to the weld is usually low be¬ 
cause the cooling rate is low. Typical 
data on the hardness of pressure-welded 
materials arc as follows (these are in the 
as-welded condition and so reflect the 
cooling rate from welding and not from 
any subsequent heat treatment): 


Material 

N.E. 8740 
N.E. 8620 
SAE 4340 
Kail steel 


Size 

1-in. diain. 
1-in. diain. 
2 in. diain. 
112-lb. rail 


Hardness 
N umber 

29.0 Rockwell (' 
17.0 Rockwell ( 
47.5 Rockwell C 
300 Hrineli 


In less hardenable steels such as low- 
carbon structural steel or even stainless 
steel or nonferrous alloys, hardening is 
no problem and is seldom determined. 

Endurance Limit .—A number of endur¬ 
ance tests have been reported on pressure 
gas welded specimens and in some cases 


of full-sized welded assemblies. In most 
of these tests, the point of maximum load¬ 
ing has been placed at the weld interface 
and the endurance limit has been deter¬ 
mined for 10,000,000 cycles. Typical test 
results are given in Table 4. 

Metallography .—In pressure welds in 
carbon steels and many alloys, the loca¬ 
tion of the original interface is very diffi¬ 
cult to detect when the specimens are 
etched with the normal etching reagents. 
A typical photomicrograph of a pressure 
weld is shown in Fig. 10. When dissimi¬ 
lar alloys are joined, the line of separa¬ 
tion is clear, but under very high magni¬ 
fication a continuous crystalline structure 



Fia. 10.—Photomicrograph of Pressure 
Weld in SAE 1020 Steel. The Interface 
Extends Vertically Through the Center of the 
Area Shown. As-Welded. Nital Etch. 100 X 


Table 4—End 

urance Limit of Pressure Weld*, 10,000,000 Cycles Of Loading 


Approximate 
Dimensions of 
Welded Specimen 


Endurance 

Endurance Limit, 

Material 

Condition 

Limit, 

Psi. 

Tensile Strength 

% 

I>ow carbon steel plate 
SAE 104 5 

Rail steel 

Stainless steel to 
nickel allov tt 

NE 8630 

SAE 4340* 

Low-alloy dissimilar 
materials* 

0.25% carbon steel 

Va by 6 in. plates 
l*/«-in. diain. rounds 
112-lb. rail 

3-in. diam. bars 

V«-in. plate 

2 in. diam - . rounds 

5-in. O.D. by */* -in. 

wall tubing 

8 in. diam. rounds 

As-welded 

Torch normalized 
Torch normalized 
As-welded 

As-welded 

Heat treated 

Torch normalized 

As-welded 

32,000 

48,000 

56.500 
51,000 

50,000 

55,000 

50.500 

34,100 

49 

47 

43 

52 

54 

• • 

47 

• • 

* See Table 3. 

* Tested full size. 
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has been shown to exist. By the use of 
special polishing and etching techniques, 
it is possible to locate the line of the 
original weld. These etching techniques, 
it is claimed, disclose oxide-containing 
zones and these techniques have been sug¬ 
gested as a means of determining the 
quality of pressure welds. 

Quality * Control .—Successful pressure 
gas welding by the closed-joint method 
requires the positive and continuous con¬ 
trol of the several factors that influence 
the quality of a weld. Once a pressure 
gas welding operation has been set up, it 
is necessary to control the following ele¬ 
ments : 

1. Degree of roughness and cleanliness 

of end preparation. 

2. Maintenance of pressure cycle. 

Welding cycle should be com¬ 
pleted with relatively little time 
variation, unit to unit. 

3. Maintenance of uniformly good 

performance of torches. 

4. Attainment of desired upset or 

shortening. 

5. Maintenance of holding time in 

machine if necessary to prevent 
bending or warping. 

The most important factors to be ob¬ 
served are the cleanliness of the abutting 
faces and the pressure-upsetting cycle. 
Foreign matter such as rust, dirt or oil 
must be removed just prior to welding, 
and care must be taken that the quality of 
end preparation and the surface contour 
are as required. Out-of-roundness or 
mismatching of pipes or tubular products 
is conducive to poor welding and must be 
corrected. In welding assemblies in which 
the welding flames are applied to only 
one face, it is essential that, if a slightly 
beveled end preparation is used, the open 
bevel face the flames. Otherwise, the 
weld will be of poor quality. This factor 
is therefore, controlled by pre-inspection 
of the parts themselves. 

Examination of the pressure-upsetting 
cycle provides an excellent measure of 
the degree to which the welding conditions 
conform to the prescribed procedure. 
With a constant heat input into the weld 
zone,, as indicated by constant flow of the 
welding gases, a constant width of heated 
zone and uniform pressure sequence, the 
entire cycle of heating and upsetting 
should be completed with a variation of 
plus or minus 5%. On this basis, if 
any weld requires an unduly long time 
or is finished too soon, examination 


should be made of the conditions that 
prevailed during the making of that weld, 
as this variation in time would be an in¬ 
dication that some factor had not been 
controlled properly, and hence the welded 
specimens would possibly be of question¬ 
able quality. Malfunctioning of the pres¬ 
sure system or of the heating heads or 
slipping of the clamps would be examples 
of the conditions that might cause poor- 
quality welds. 

Autographic or other records of the 
pressure cycle, of the total time or time 
for certain stages of the procedure, of the 
gas flow and of the total shortening have 
frequently proved of great value in main¬ 
taining adequate control. These serve as 
visual and statistical checks on the main¬ 
tenance of conditions and may be useful 
for preventing slight, cumulative varia¬ 
tions that may result from manual con¬ 
trol only. 

Some of the factors described in the 
previous section are neither applicable to 
nor necessary for the open-joint method. 

It is unnecessary to specify the condition 
of the opposing faces except to assure ab¬ 
sence of unusual amounts of foreign mat¬ 
ter and reasonable matching. The subse¬ 
quent melting of the faces offsets the need 
for more thorough preparation. Also, in 
this method the amount of upset or 
shortening is not necessarily constant so 
cannot be used properly as an index of 
weld quality. Due attention, however, 
must be given to maintenance of the pres¬ 
sure cycle and to obtaining good perform¬ 
ance of the torches. 

Inspection .—The first inspection is 
usually visual to observe the contour of 
the upset section and general character¬ 
istics such as presence or absence of ex¬ 
cessive melting, irregular or non-uniform 
upsetting (indicative of malfunctioning of 
the heating head) and alignment of the 
weld interfaces with the center of the up¬ 
set zone. In the absence of any appre¬ 
ciable variation from an accepted stand¬ 
ard (previously accepted assemblies) and 
if assurance is provided that the controls 
cited have been observed, it may be con¬ 
cluded usually that the pressure weld is 
of normal quality. 

If additional testing or inspection is 
needed, and in many highly stressed as¬ 
semblies it is necessary to have added 
assurance of the consistency and quality 
of the welds, the general practice is to 
test destructively sample welds selected 
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either at random or at fixed intervals. 
This method has been employed in many 
installations and found to be quite satis¬ 
factory. It serves as a positive and con¬ 
tinued check on the welding cycle and 
controls that are being used and, more¬ 
over, provides data on the properties of 
the welded assemblies. 

None of the usual non-destructive test 
methods such as X-ray and supersonic 
testing will reveal any but large defects 
in pressure gas welded joints. However, 
magnetic particle inspection is currently 
being used quite successfully for the in¬ 
spection of pressure-welded rails and the 
fluorescent penetrating oil method has 
been used experimentally with some de¬ 
gree of success. 

The standard destructive weld tests are 
the best means of determining the quality 
of pressure welds. Tensile, face and root 
bend, nick break, Charpy and Izod im¬ 
pact, hardness and fatigue tests serve to 
evaluate pressure weld quality as in other 
types of welds. Of the above tests, the 
nick break test is one which is of impor¬ 
tance as a convenient quality check. By 
fracturing a pressure weld along the 
original interface, the surfaces exposed 
show the extent of weld penetration, grain 
size, extent of overheating in surface 
metal, etc. Changes in the welding cycle 
can be checked quickly by this test. Ex¬ 
perience has proved that when the nick 
break tests show satisfactory crystalline 
fractures throughout the weld cross-sec¬ 
tion, all other tests applied will usually 
prove satisfactory. 

As an alternative to destructive test¬ 
ing, proof testing has been employed 
quite extensively, especially in pipe lines 
and in some automotive installations. 
Proof testing is designed to disclose de¬ 
fective welds and yet not to harm satis- 
tactory welds. For instance, it has been 
the practice on pipe lines to lift the pipe 
line at each joint to a height of several 
feet, just sufficient to cause slight yield- 
»ng in the weld zone. Poor-quality welds 
will fail under this test, but good-quality 
welds will satisfactorily withstand such 
loading. Similar methods can be de¬ 
veloped for other welded assemblies. 

A specialized inspection method has 
been developed for applications which 
justify considerable attention to inspec¬ 
tion procedures. In this method, a flat, 
thin, continuous chip is machined from 
the inner or outer surface of the weld 


zone and treated with special etching re¬ 
agents which disclose the presence or ab¬ 
sence of an oxidized interface. In this 
manner, it is possible to determine 
whether the weld is of good quality for 
the full thickness, without subjecting the 
weld to proof testing. (See Chapter 42 
for further information on standard test 
methods.) 

EQUIPMENT USED 

Machines 

The apparatus for pressure gas welding 
comprises equipment for applying end 
pressure, suitable welding heads designed 
to provide uniform and controlled heat¬ 
ing of the weld zone and the necessary 
indicating and measuring devices for 
regulating the process throughout its cycle 
of operation. The complexity or sim¬ 
plicity of the machine obviously depends- 
on the configuration and size of the parts 
being welded and on the degree to which 
the process is mechanized. In most cases, 
it has been found advisable to design and 
construct special apparatus for gripping 
the parts and applying the welding pres¬ 
sure, and to use special heating heads. 
There are, however, machines available 
that are adaptable to welding a rather 
wide range of shapes and sizes of elon¬ 
gated stock. 

Examples of typical equipment for 
pressure gas welding are shown in Figs. 
11, 12 and 13. Figure 11 illustrates the 
simplest manually operated and con¬ 
trolled device. This machine is capable 
of handling bars and tubes up to 3 in. in 
section. Interchangeable heating heads 
and equipment for making this process 
almost fully automatic arc available. 
Figure 12 illustrates a more complex 
machine that is especially designed for 
welding rails. The rails are gripped by 
sidewise pressure acting through angle 
bars, and the heat is supplied through 
specially shaped heads conforming in 
shape to the rails. The welding control 
is partly manual. Figure 13 illustrates a 
machine specially designed for pressure 
welding overland pipe. 

Auxiliary Equipment 

Some auxiliary equipment is necessary 
The gas supply must be adequate for the 
maximum flow requirement, and the gas 
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regulators must be capable of maintaining 
a uniform flame with slight feather of 
excess acetylene. As the process is often 
at least partially mechanized, quick-act¬ 
ing shutoff valves are very desirable, and, 
in many instances, needle valves are 
advantageous for providing fine adjust¬ 
ments of the flame ratio. The best con¬ 
trol of the gas flow, hence heat input, is 
obtained when the gages indicating the 
pressure on particular heads are located 
on the machine. This permits ready 
checking by the operator. In some in¬ 
stallations, flowmeters have been used as 

an added means of obtaining uniform gas 
flow. 

An ample supply of cooling water is 
also needed for cooling the torches and, 
in some cases, for cooling the clamps and 
parts of the press. Adequate jigs fur 
aligning and supporting the specimens are 
sometimes needed, and automatic con¬ 
trol units for regulating the pressure and 
heating cycles and discontinuing the 
operation when the weld is completed are 
available. This additional apparatus 
makes the process almost completely 
automatic. 


COMMON APPLICATIONS 

Materials 

Pressure gas welding has been success¬ 
fully applied to steels over a full range of 
carbon content, to low-alloy and high- 
alloy steels, and to several nonferrous 
metals such as Monel, nickel-chromium 
and copper-silicon alloys. It has been 
especially advantageous for joining dis¬ 
similar metals. The following typical ap¬ 
plications exemplify the range of the proc¬ 
ess in respect to type of product and 
materials. 

Pressure-Welded Rails 

Pressure gas welding of railroad rails 
was the first commercial application of 
the process (1938). Since then, over 
60,000 pressure-welded joints have been 
made in rails of all the standard weights. 
The general practice is to pressure-weld 
the rails in strings of from three to 
twelve rail lengths depending upon the 
intended use. In cases where longer 
lengths of continuous rail are needed, tie- 
in welds are made in track by gas weld- 
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Fig. 14.—Three Steps in Welding Rings of Stainles$ Steel. The Forming Required to Produce 
the Conical Ring on the Right Serves as an Excellent Non-Destructive Test of the Weld Quality 


ing. Many installations have been in 
tunnels, station platforms, bridges and 
cross-overs, but a considerable amount of 
continuous rail has been laid in tangent 
track in lengths of over 1000 feet. A 
typical machine for such welding is shown 
in Fig. 12 and the general welding pro¬ 
cedure is as follows: The rail ends are 
carefully prepared by power-sawing, 
cleaned and butted under a constant pres¬ 
sure of about 2800 psi. The rails are 
gripped by special clamps, and heat is 
applied by means of four specially shaped 
heating heads which are oscillated auto¬ 
matically through the desired stroke. On 
the completion of the welding cycle, the 


rails are moved one rail length and 
the upset metal on the ball and edges of 
the base removed by oxygen-cutting. In 
the next position, the weld zone is torch- 
normalized to refine the grains and re¬ 
store a normal hardness to the weld zone. 
Finally, when cold, the weld is ground to 
smooth contour, examined by magnetic 
particle inspection, and oiled for protec¬ 
tion against rusting. Rails welded, 
normalized and inspected in this manner 
have an endurance limit at 2,000,000 
cycles of more than 77 percent of un- 
\yelded rails, and have given very satis¬ 
factory service under both heavy and fast 
traffic over extended periods of time, ex- 



Fig. 15.—Forged Aircraft Propeller Barrel Halves, Machined and Ready for Welding, Are Shown 
at the Left. The Assembly Immediately After Welding Is Shown at Center. The Heat-Treated 
Assembly with Weld Upset Removed, Is Shown at the Right 
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tending up to nine years for some instal¬ 
lations. The use of pressure gas welded 
rails has resulted not only in smoother 
riding quality in the track but in re¬ 
duced maintenance-of-way costs. 

Overland Pipe Lines 

Pressure gas welding was introduced 
for joining overland pipe lines in 1941. 
Since then, over 1800 miles of high-pres¬ 
sure pipe lines for oil, natural gas, water, 
helium and propane have been welded in 
the United States, Mexico and Russia. 


Wall 

Welding 

Total 

Pipe End 

Thickness, 

Time, 

Shortening, 

Bevel, 

In. 

Sec. 

In. 

Deg. 

0.187 

45 

0.25 

4 

0.203 

50 

0.265 

4 

0.238 

55 

0.300 

4 

0.250 

60 

0.312 

5 

0.375 

90 

0.412 

6 


Stainless Steel Rings 

Figure 14 shows the steps for pressure 
gas welding and forging of rings of types 
347, 321 or 310 stainless. For welding 
these alloys, the quality of end prepara¬ 
tion and the pressure cycle are very im¬ 
portant. The die forging operation 



Fi„. 16 -Four Stops in W.lding High-Spood Stool Drill Bit to Low-Corbon Stool ShonU f .u 

Manufacture of Core Drills Shank for the 


These lines have ranged from 2 to 24 in. 
1,1 diam. and have been laid in the 
progressive or stove-pipe manner using 
'jpecial clamping jigs for use in the field. 

holographs of typical apparatus for this 
application are shown in Fig. 13. 

fypical operating data for pressure 
welding are as follows: 

Pressure: 1000 psi. of pipe cross section 
r,nal pressure: 4000 psi. of pipe cross-section 


needed to produce the desired shape is an 
excellent proof test of the welded as¬ 
sembly. These stainless steel rings have 
been used as components of aircraft gas 
turbines and give excellent service. 




nfT; i fp St d r S 1 r gth 11 airCraft Puller barreb 

'I 45 3 ° y StCeI HaVe been SUC 

cessfully fabricated by pressure gas weld- 
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ing two forgings to form the assembly. 
Specified minimum tensile properties of 
the assemblies after heat treatment are as 
follows: yield strength (0.2% offset) 
115,000 psi.; tensile strength 135,000 psi.; 
elongation in 2 in., 8%; reduction of 
area 35%. The closed-joint method em¬ 
ploying a multiple pressure cycle was 
used. 

The sequence of operations arrived at 
in producing these barrels is shown in 
Fig. 15. The two forgings machined and 


spected by the etching procedure de¬ 
scribed previously. 

Miscellaneous 

The miscellaneous applications point 
most clearly to the adaptability of the 
process. A typical application is the 
joining of a 2-in. long, 2-in. diam. tool 
steel bit to a low-carbon steel shank. 
This was done primarily to conserve 
alloy steel, but it serves as an excellent 
example of the use of the process for 



Fig. 17.—Pressure Gas Welded Axle Housing of S.A.E. 1045 Steel in As-Welded Condition. Flat 

Surface of Upset Zone Resulted from Original Bevel Preparation 


made ready for welding are shown at the 
left. The assembly immediately after 
welding is shown at the center, and at the 
right after upset had been removed and 
the assembly heat treated. 

Immediately after welding and before 
the heated area has cooled to below 
600° F., the assemblies are transferred to 
a stress-relief furnace at 1200° F. for six 
hours and then air-cooled. This is neces¬ 
sary as the steel is air-hardening in the 
section sizes used, and stress cracks result 
on air-cooling from welding tempera¬ 
tures. 

Landing Gears 

Pressure gas welding has been used suc¬ 
cessfully in the fabrication of landing 
gear assemblies. For this, butt welds 
have been made between tubes ranging in 
diameter from 27« to 16 in. with wall 
thickness ranging, respectively, from V« 
to 1 inch. The tubes are NE 8740 and 
NE 8630 steel, heat treated after weld¬ 
ing to attain a tensile strength of 180,000 
to 200,000 psi. Welding was done under 
closely controlled conditions and in¬ 


joining materials of markedly different 
mechanical properties. The photographs 
shown in Fig. 16 illustrate the several 
steps in this welding operation. The 
welding cycle was about two minutes. 

The safe-ending of boiler tubes is done 
in the machine shown in Fig. 11 (time, 
about one minute). A somewhat larger 
application is illustrated in Fig. 17. This 
is the fabrication of automotive axle hous¬ 
ings which are assembled from SAE 
1045 "steel. The material at the weld is 
3 3 /i in. O.D. by Via in. wall thickness. 
The total welding time is 2Va minutes 
with gas consumption of 7 cu. ft. per 
weld. The process is also in use for re¬ 
pair welding of 8 in. diam. hammer rods 
of SAE 2330 steel, an operation which 
takes about 30 min. welding time and re¬ 
quires about 550 cu. ft. of oxygen per 
joint. This application, although large, 
is amply justified by the reclamation of 
large forgings which would be very ex¬ 
pensive to replace otherwise. Subsequent 
service experience with pressure gas 
welded hammer rods has been very satis¬ 
factory. 
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CHAPTER 8 


ARC WELDING EQUIPMENT AND 

MATERIALS* 


A. SHIELDED METAL-ARC 
WELDING MACHINES 


ALTERNATING - CURRENT 
WELDING MACHINES 


General 


ARC- 


Alternating-current arc-welding ma¬ 
chines have been made both in single¬ 
operator and multiple-operator, static 
transformer styles and as rotating equip¬ 
ment. Practically all units in use are 
of the single-operator, static transformer 
type. This equipment has a volt-ampere 
characteristic approaching the constant 
current form. Figure 1 has typical 
characteristic curves of a 300-amp. a.c. 
welding machine and shows the effect 
of power-factor-correcting capacitors on 
the shape of the power factor and current 
input curves. The leading current drawn 
by the capacitors balances the lagging 
component of the transformer of the 
primary current at about one-half load 
making the power factor unity at this 
point. Multiple operator units have con¬ 
stant voltage characteristic and require a 
ballast resistor or reactor for each welder 
in order to regulate the current delivered 
to the arc. 

Alternating-current arc-welding ma¬ 
chines of the transformer type are usually 
made in ratings which have been stand¬ 
ardized by the National Electrical Manu¬ 
facturers Association, as listed in Table 
1. Machines having ratings of 500 amp. 
and over are mainly used for machine 
welding with automatic welding heads. 

For manual arc welding in industrial 


* Prepared by a committee consisting of R. F. 
Wyer, General Electric Co., Chairman; T. H. 
Blankenbuehler, Hobart Brothers Co.; E. E. 
Tisza, Air Reduction Sales Co.; Martin Re- 
buffoni, Westinghouse Electric Corp. 


plants, machines having 200-, 300- and 
400-amp. ratings find the widest applica¬ 
tion. Electrodes in diameters as small as 
/ia in. may be used with 200-amp. ma¬ 
chines and electrodes over the range of 
Vs to B /i« in. with the 400-amp. machines. 

Machines having a 150-amp. rating find 
their largest application in light industrial 
and in garage and job-shop welding. 

In addition to the ratings shown in 
Table 1 there are two other ratings de¬ 
veloped primarily for use by farmers on 
REA* lines. These two ratings, shown in 
Table 2, have their primary input cur¬ 
rent limited to a definite value so that a 
130-amp. rated machine without power 
factor correction and a 180-amp. rated 
machine with power factor correction 
may operate satisfactorily from 3-kva. 
REA transformers. 

Parallel Operation .—Single - operator, 
a.c. arc-welding machines which have the 
same no-load voltage may be operated 
satisfactorily in parallel, in order to get 
more current per arc than either will 
give separately. Care must be taken when 
connecting two transformers together 
that they are both connected on the 
primary side to the same phase of the same 
power supply. Care must also be taken 
that the voltages produced by the second¬ 
aries are in phase and not opposite each 
other. Paralleling a.c. welding machines 
requires their connection to the same 
phase of the power line and with the same 
polarity. This is checked before connect¬ 
ing the electrode leads ( B ) together 
(Fig. 2) by measuring the voltage be¬ 
tween them after the primary windings 
are energized. The voltage should read 
close to zero. If it reads double normal 


* Rural Electrification Administration 
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Table 1—Ratings of A.C. Arc-Welding Machines 


Current, 

Amp. 

Load 

Volts 

Duty Cycle, 

% 

Minimum Current 
and Load Voltage 

Load 

Amp. at Volts 

Maximum 
Current at 
Rated Load 
Voltage, Amp.° 

Duty Cycle at 
Max. Current 
and Rated Load 
Voltage, % a 


— R a 1 1 n p r - 





1 

2 

3 

4 

\veiaing current Range- 

5 5 

6 

150 

30 

50 

20 

20 

185 

30 

200 

30 

50 

30 

20 

250 

30 

200 

40 

60 

40 

20 

250 

35 

300 

40 

60 

60 

20 

375 

35 

400 

40 

60 

80 

20 

500 

35 

500 

40 

60 

100 

20 

625 

35 

750 

40 

1 hr.fe 

187 

30 

935 

a a 

1000 

40 

1 hr. k 

250 

30 

1250 

• • 

• • 


a Welding machines may be operated at the current shown in Column 5 and the duty cycle shown in 
Column 6 at rated-load volts with approximately the same temperature rises as those specified for the 
rated amperes and duty cycle (Columns 1 and 3). 

b 7 hese sizes are rated for service with automatic machines. In testing to determine the rating, 
temperature rise and other characteristics, rated current at rated-load voltage is applied for 1 hr. im¬ 
mediately followed by the application of 75% rated current at rated load voltage for 3 hours. 7'he 
temperature rise is measured at the end of the 1-hr. period and at the completion of the 3-hr. period. 

Notes: (1) Load voltage is the voltage between the welding terminals of the welding machine when 
current is flowing. (2) In arc welding duty cycle is defined as the ratio of arc time to total time. For 
the purpose of standard rating, the time period of one complete test cycle is 10 minutes. For example, 
in the case of a 60% duty cycle, load is applied continuously for 0 min. and shut off for 4 minutes. Load 
must not be applied for more than 6 min. out of any 10-inin. period. 


voltage, the polarities of the machines 
are opposite, and the primary connections 
of one or the other must be reversed. 

Alternating-current welding machines 
having power factor correcting capacitors 
connected across their primary windings 
should be connected to the power line 
through a single disconnect switch. This 
is to prevent the possibility of opening 
the primary circuit of one welding ma¬ 
chine while the other is energized. If this 
precaution is not taken, the disconnected 
welding machine will be excited through 
its secondary by the other unit. Excessive 
resonant voltages may be generated by 
the combination of reactance and capacity 
in the primary circuit. 

Power Supply. —Single-operator a.c. 
arc-welding machines are single-phase 
units made for 220-, 440- or 550-volt 
power supply and for 25, 50 or 60 cycles. 
Some of the multiple-operator transformer 
units are arranged for polyphase opera¬ 
tion. The installation of large single¬ 


operator, a.c. welding machines in small 
shops or on a power line with limited 
capacity will result in an unbalanced load 
on the three-phase power supply. In a 
majority of cases, however, large sizes 
are only used where the power supply is 
ample. Where a considerable number of 
units are being installed they can fre- 
(juently be connected to different phases, 
practically eliminating seriously unbal¬ 
anced line loads. 

Practically all a.c. welding machines 
are now equipped with power-factor-cor¬ 
recting capacitors and are generally ar¬ 
ranged to have a power factor of about 
80 % lagging at rated load. (Single- 
operator, a.c. welding machines without 
power-factor-correcting capacitors have an 
average power factor of about 30%.) 

1 his amount of power factor correction 
will result in an increasing power factor 
with decreasing loads until unity power 
factor is reached at about half load. At 
loads below half load, the unit will have a 


Table 2—Ratings for Limited Input Welding Machines 


Rated Load, Amp. 

(Maximum 
(>btainahle at 

Rated Load Volts) 

Rated 

Load 

Volts 

Duty 

Cycle, 

or 

'0 

Minimum 

Welding 

Current, 

A m p. 

Welding Machines 
with 

Power - F actor 
Correction®, 
Amp. 

1 

2 

3 

4 

5 

130 

-25 

20 

20 

27 

180 

25 

20 

20 

37 


Welding Machines 
Without 
Power-Factor 
Correction", 
Amp. 


6 


33 

46 


valued iDPUt at rat ' d l ° ad amper “ (Column 1 ) and rated-load volts (Column 2) not to exceed 
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leading power factor. At no load, these 
welding machines generally have approxi¬ 
mately 3 kva. of power-factor-correcting 

capacity per 100 amp. of their rating. 


in shunt with the secondary provides an 
additional stabilizing effect. The no-load 
voltage of the transformer also affects its 
physical size and the relative safety of 



Fi S- —Typical Characteristic Curves of 300-Amp. Welding 

Transformer 


The no-load power input of transformer- 
type, a.c. welding machines is very low, 
particularly when compared to single- 
operator, motor-generator machines. A 
single-operator, a.c. welding machine will 
draw from 100 watts to 1000 watts at no 
load, depending on its rating and whether 
it is fan cooled or naturally ventilated. 
Naturally-ventilated units will have a no- 
load input of about 50 watts per 100 amp. 
of rating; fan-cooled units will have a 
no-load input of roughly 150 watts per 
100 amp. of rating. 

Single-operator, a.c. welding machines 
have a specially high load efficiency, usu¬ 
ally between 80 and 90%. The combina¬ 
tion of high full-load efficiency and low 
no-load input makes the power consump¬ 
tion of transformer-type, a.c. welding ma¬ 
chines much less than that of motor- 
generator sets of comparable rating. 

Open-Circuit Voltage .—The arc sta¬ 
bility of an a.c. welding machine in which 
the current is controlled by reactance de¬ 
pends almost entirely on the no-load volt¬ 
age, although the use of small capacitors 


the welder. It is natural, therefore, that 
great effort has been expended in develop¬ 
ing welding electrodes to be used on lower 
and lower voltages. At present, a.c. ma¬ 
chines are available with no-load voltages 
from 40 to as high as 150 volts. The 
NEMA standards require that the no-load 
voltage not exceed 80 volts for manual 
welding and 100 volts for machine welding. 



TO ELECTRODE HOLDER 

Fig. 2.—Method of Checking Connection of 
Parallel-Connected A.C. Welding Machines 
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No load voltages of 65 and 75 volts are 
usual for a.c. welding machines of indus¬ 
trial sizes. In smaller sizes, such as the 
limited-input type mentioned above, volt¬ 
ages do not exceed 65 and in some cases 
go as low as 40 volts. Almost any type of 
a.c. electrode may be used with a 75-volt, 
a.c. welding machine, whereas machines 
of lower voltage may require the selec¬ 
tion of particular grades and types of 
electrodes for successful service unless a 
stabilizing circuit is used. 

Control Dcznces .—Safety controls are 
available which reduce the idling voltage 
of a.c. arc-welding machines so that the 
voltage at the electrode holder during no- 
load periods is automatically reduced to 
a low value, generally about 30 volts. 
These devices consist of relays and con¬ 
tactors which either reconnect the main 
winding of the transformer for a lower 
voltage, or disconnect the welding load 
from the main transformer and connect 
it to an auxiliary transformer of a lower 
voltage. 


particularly at current levels below 100 
amperes. 

The industrial sizes of a.c. arc-welding 
machines may generally be equipped with 
a remote-control device, usually motor- 
driven, which may be used to adjust the 
welding input current of the unit from a 
remote position. 

Principles of Operation 

Single-operator, a.c. arc-welding ma¬ 
chines may be divided into three general 
classes with respect to the means em¬ 
ployed to control the output current. 
Two of these classes use a constant volt¬ 
age transformer and control the output 
current by means of an adjustable resistor 
or an adjustable reactor (Fig. 3) in the 
output circuit of the transformer. The 
adjustable resistor is rarely used; the 
adjustable reactor is frequently used. The 
third class includes those welding ma¬ 
chines in which the internal reactance of 
the transformer is adjustable. 

Adjustment of separate reactors may be 


TAPPED REACTOR 


SECONDARY 


TRANSFORM E 


LINE 




ELECTRODE 
HOLDER 



I 


WORK 


PRIMARY 


Fig. 3.—Constant Voltage Transformer with Tapped Reactor Coil 


Primary contactors or switches are not 
usually included in the larger a.c. machines 
for industrial use which are used for 
manual welding. The small, limited-input 
welding machines are generally equipped 
with a manually-operated primary switch. 

Some a.c. welding machines incorporate 
a system of relays which operate to de¬ 
liver a much higher than normal current 
to the arc for a fraction of a second at 
the start of the weld. This device is in¬ 
tended to give starting surge character¬ 
istics similar to those of d.c. welding ma¬ 
chines and to facilitate striking the arc, 


by means of plugs or switches, making 
connections to taps on the reactor wind¬ 
ing. Another method of adjusting the 
reactance is by means of an adjustable air 
gap in the magnetic circuit of the reactor 
(Fig. 4). Continuous adjustment of the 
output current, without definite steps, can 
be obtained by a crank and screw moving 
an iron block to vary the air gap and 
thus the reactance of the coil. Another 
method of varying the effective reactance 
of a reactor is to saturate its magnetic 
circuit by means of a direct current wind¬ 
ing on the center leg of the reactor (see Fig 
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Fig. 4. Constant Voltage Transformer with Magnetically Adjustable Reactor 


5). Direct current may be provided by a a movable iron member in the magnetic 
rectifier energized by connections to the circuit (Fig. 7). Separating the coils 
main transformer. Adjustment of a rheo- further, or shortening the air gap, in- 
stat will vary the direct current, the creases the leakage flux between the coils 
saturation of the iron core of the reactor, and reduces the output current, 
thus controlling the output. Since it is reactance in the secondary 

In welding machines having the current- current of the welding-machine trans- 
limiting reactance built into the main former which controls the welding cur- 
transformer, adjustment may be accom- rent level, it is evident that the reactance 
plished by changing the position of the of the output cables will affect the welding 
primary and secondary coils with respect current adjustment. Long leads which 
to each other (big. 6) or by means of are widely separated, particularly if they 



Fig. 5.“Constant Voltage Transformer with Electrically Adjustable Reactor 
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Fig. 6.—Constant Current Transformer with Adjustable Coil Spacing 


lie upon iron or steel floors, increase the 
reactance of the welding circuit and re¬ 
duce the current output of the welding 
machine. Electrode and work leads should 
he as short as possible and, where practi¬ 
cal, should lie close together. On account 
of the reactive voltage, the total voltage 
drop in the leads will be greater in an a.c. 
circuit than in a d.c. circuit with similar 
lead arrangement. In both cases, the 
major effect is to reduce the maximum 
output of the welding equipment, and it 
is only rarely that this becomes important. 


Installation 

Installations of welding machines should 
meet applicable requirements of the Na¬ 
tional Electrical Code and local codes. 
W elding machines should be located in 
a clean, dry place and should not rest 
on a dirt floor. They should be protected 
from undue exposure to the weather when 
located out of doors. The case of the 
machine should always be well grounded, 
using the grounding lug provided. Care 
should be taken to bush the primary leads 
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Fig. 7.—C onatant Current Transformer with Adjustable Flu* Leakage Air Gap 



188 


WELDING 

where they enter the welding machine so 

that they will not be abraded and thus 
grounded. 

The voltage and frequency of the power 
line should be checked against the in¬ 
formation on the nameplate of the weld¬ 
ing machine. Many a.c. welding machines 
have dual voltage terminal boards; care 
must be taken to use the proper terminals 
for the voltage of the power line. 

The welding machine should be con¬ 
nected to the power system through a 
fusible safety switch mounted on the wall 
near the welding machine. Line fuses 
rated between 150 and 200% of the rated 
primary line input current of the welding 
machine should be used. A good safety 
precaution is to operate all welding ma¬ 
chines in one group from the same phase 
of the power system and with the same 
polarity to make sure that there is no 
voltage between the electrode holders of 
adjacent welding machines. 

See Chapter 46 for further information 
on the safe installation and operation of 
arc-welding machines. 

Maintenance 

Manufacturers’ instructions with regard 
to maintenance should be carefully fol¬ 
lowed. The welder should be on the 
watch for any evidence of overheating. 

Welding machines with screw-type ad¬ 
justments should have their screws and 
the bearings on which they run lubricated 
approximately every six months. Weld¬ 
ing machines with chain drives require 
periodic lubrication at about the same in¬ 
terval. 

About twice a year, contactors, switches, 


PROCESSES 

r . eIay . s j, ai ? d P lu & an <* jack connections 
should be inspected, and contactors cleaned 
or renewed. 

Once a year the primary input current 
at no load should be measured and checked 
against the nameplate or instruction book 
data to make sure that power factor cor¬ 
recting capacitors are functioning. Fan- 
cooled units should have their fan bearings 
lubricated at the same time. 


DIRECT-CURRENT ARC-WELDING 

MACHINES 

M ?J° r ; Driven Single-Operator D.C. 

Machines 

Single-operator, d.c. welding generators 
are highly specialized designs. Practically 
all . designs are of the self-regulating, 
variable voltage type. They are made in 
ratings which have been standardized by 
the National Electrical Manufacturers 
Association as shown in Table 3. 

150- and 200-amp., 30-volt rated ma¬ 
chines are used for light industrial 
shielded metal-arc welding and inert-gas 
metal-arc welding as well as general- 
purpose job-shop work. 

200-, 300- and 400-amp., 40-volt rated 
machines are commonly used for manual 
and machine welding in industrial plants, 
and for field erection. 

600-amp. rated machines are used, some¬ 
times in pairs, almost exclusively for car¬ 
bon-arc cutting and submerged-arc weld¬ 
ing. 

The effect of long welding leads on the 
loading of a d.c. welding generator should 
not be overlooked. The resistance of the 


Table 3—Ratings for D.C., Motor-Driven, Single-Operator, Welding Machines 


Current, 

Amp. 

Load 

Volts 

Duty Cycle, 
% 

Minimum Current 
at 20 Volt 
Load jAmp. 

Maximum Current 
at Rated Load 
Voltage, Amp." 

Duty Cycle at 
Maximum Current 
and Rated Load 
Voltage, % a 

1 

—Rating- 
2 

3 

4 

Welding Current Range 

5 

6 

150 

4*X 

30 

50 

20 

185 

30 

200 

30 

50 

30 

250 

30 

200 

✓X ^x 

40 

60 

40 

250 

35 

300 

40 

60 

60 

375 

35 

400 

40 

60 

80 

500 

35 

600 


60 

120 

750 

35 


r . Welding machines may be operated at the current shown in Column 5 and duty cycle shown in 
oiuran b at rated-load volts with approximately the same temperature rises as those specified for the 
rated amp. and duty cycle (Columns 1 and 3). 

. Notes: (1) Load voltage is the voltage between the welding terminals of the machine when current 
is flowing. (2) In arc welding, duty cycle is defined as the ratio of arc time to total time. For the pur¬ 
pose of standard rating the time period of one complete test cycle is 10 minutes. For example, in the 
case of a oO% duty cycle, load is applied continuously for 6 min. and shut off for 4 minutes. Load must 
not be applied for more than 6 min. out of any 10-mln. period. 
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cables and connections cause a voltage 
drop which is added to the voltage of the 
arc. This requires more power to be de¬ 
livered from the motor driving the gener¬ 
ator and in case of excessive lead resist¬ 
ance may result in overloading the motor, 
as well as in reducing the maximum cur¬ 
rent output of which the machine is capa¬ 
ble. 

Parallel Operations. —Single-operator, 
d.c. welding machines may be readily 
paralleled to produce high values of weld¬ 
ing current. The method of connection 
for parallel operation depends on whether 
the machines are separately excited or 
self-excited. 

With machines having separate exciters, 
the two work-lead terminals should be 
connected together, and the electrode 
terminals connected together through a 
switch. The two units should he started 
with the switch open. Both should he 
adjusted for the same polarity and the 
same no-load voltage before the parallel¬ 
ing switch is closed. This may he checked 
by connecting a voltmeter across the ter¬ 
minals of the paralleling switch (see Fig. 
2). The voltmeter should read approxi¬ 
mately zero before tlie paralleling switch 
is closed. 

Welding machines which do not have 
separate exciters should have, in addition 
to the paralleling connections described 
above, an equalizer connection of No. 14 
or larger wire. The equalizer is con¬ 
nected from the excitation brush holder of 
one generator to the corresponding brush 
holder of the other generator. 

Special instructions furnished by the 
manufacturer should he followed in par¬ 
alleling welding machines. The current 
adjustments of machines in parallel should 
be similar, so that each will produce its 
own share of the total current. 

Power Supply. —Single-operator, d.c. 
welding machines are obtainable with 
driving motors of several voltage and 
frequency ratings. Motor-generator weld¬ 
ing machines are usually single units with 
the motor and generator assembled on the 

same shaft. 

Induction-motor-driven welding ma¬ 
chines are available for 220 { 440 and 550 
volts, 2 phase or 3 phase, 60-, 50- or 
25-cycle power supply. Few are made 
with single-phase motors since a.c. weld¬ 
ing machines usually fill the need for 
single-phase apparatus. 

Direct-current, motor-driven welding 


machines are made with motors wound 
for 115, 230, 440 and 550 volts. Motors 
suitable for operation on the widely vary¬ 
ing voltage of trolley circuits are also 
available. 

The most common driver is the 220/440, 
3-phase, 60-cycle induction motor. Figure 
8 shows the characteristic volt-ampere 
curves of such a welding machine as well 
as curves for overall machine efficiency, 
power factor, and current input. A com¬ 
bination of shunt field rheostat control 
and series field tapping gives a large 
number of possible drooping volt-ampere 
characteristics. 

The motors of d.c. welding machines 
usually have a good power factor when 
under load, and from 30 to 40% lagging 
power factor at no load. No-load power 
input ranges between 2 and 5 kw., de¬ 
pending on the rating of the set. The 
power factor of induction motor-driven 
welding machines may be improved by 
the use of static capacitors similar to 
those used on a.c. welding machines. 
Some welding machines have been built 
with synchronous motor drives in order 
to avoid low, lagging power factors. The 
use of a synchronous motor provides such 
a leading power factor as to correct for 
the lagging power factor. 

Control Devices. —One method of com¬ 
pensating for the relatively high no-load 
input and low no-load power factor of 
induction-motor-driven welding machines 
is to equip each set with a shut-down 
device. This automatic control system 
disconnects the motor from the power 
line at a predetermined time after the 
welder stops welding. The equipment 
then draws no power from the line until 
the welder touches his electrode to the 
work. The motor then starts and con¬ 
tinues to run until the predetermined 
idling interval has been exceeded. The 
interval is usually made long enough 
to permit the welder to change electrodes 
before the set shuts down- in order to 
climate unnecessary starting and stopping. 

When a shut-down device is used, 
care must be taken to see that the welding 
machine does not overheat. Frequent 
starting, with limited running time, in¬ 
creases the heating of the motor, and 
both the motor and generator have only 
limited ventilation between loading periods, 
since the machine is standing still. Com¬ 
mutator conditions should be checked to 
make sure that they are not adversely 
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affected by the elimination of no-load 
operation. 

Devices which give remote control of 
the welding current are sometimes used. 
Good practice frequently requires that a 
different current be used for welding in 
the overhead, vertical and flat positions, 
and for different thicknesses of metal. 
When the welder is welding at a distance 
from the welding machine, a remote- 
control device has considerable usefulness. 

One simple method involves removing 
from the welding machine the rheostat 
used to adjust the welding current and 
carrying it to the welding position. A 
cable about the size of a lamp cord is 


of these devices are operated by means 
of notching relays and require the welder 
to touch the electrode to the work re¬ 
peatedly in predetermined code sequences 
in order to raise or lower the current a 
little. 

Principles of Operation. —The character¬ 
istics required of a welding generator 
are determined by the characteristics of 
the welding arc. As shown in Fig. 9, 
the arc has an almost constant voltage, 
for a given length, regardless of the cur¬ 
rent in it. The voltage decreases only 
very slightly with increasing current. 
Each curve in Kig. 9 represents an ap¬ 
proximately constant arc length. 
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WELDING CURRENT IN AMPERES 

Fig. 8.—Typical Characteristic Curves of Single Operator, D.C. Motor- 

Generator Welding Machine 


used to connect the rheostat to the weld¬ 
ing machine and this permits the welder 
tp adjust the welding current over a 
limited range without returning to the 
welding machine. 

Another remote control scheme requires 
a motor to operate the rheostat of the 
welding machine. The operator is given 
a push button which is wired to the 
motor to allow raising and lowering the 
rheostat setting from the welding position. 

Several devices have been developed to 
operate through the welding cables them¬ 
selves with no extra conductors. Some 


In metal-arc welding, the arc voltage 
varies almost directly with the length of 
the arc, but reaches a minimun of about 
12 volts when the electrode is just about 
to touch the work. This minimum volt¬ 
age is assumed to be the sum of the anode 
and cathode voltage drops of the iron 
arc. 

In order to achieve stability of the 
generator-and-arc circuit, it is desirable 
that the volt-ampere characteristic curve 
of the generator intersect that of the arc 
at approximately right angles. 

Lines A. B. C and D on Fig. 10 show 
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typical volt-ampere characteristics of 
some welding generators, all adjusted to 
intersect the arc curve at the same point. 
Each of these curves is only one of a 
large number which can be produced by 
each generator. The generator which 
produced Curve C can be adjusted to 
have hundreds of other characteristics 
curves (see Fig. 8) in order to cover its 
wide range of current adjustment. 



AMPERES 

Fig. 9.—Volt - Ampere Curves of Arcs of Various 

Lengths 

Direct-current arc-welding generator', 
have been developed in a large number of 
designs, depending on the means used 
to adjust the welding current. One of the 
earliest, and still widely used, designs 
employs a generator with separate ex¬ 
citation and differential compounding. 

I he circuit for such a generator is show n 
in Fig. 11. Later designs of this type 
eliminate the need for a stabilizer or ex¬ 
ternal reactor, by reactance built into the 
generator. In order to achieve a wide 
range of welding current, adjustment oi 
the differential series held is usually 
provided, sometimes by means of an ad 
justable shunt across the series held and 
sometimes by tapping its w indings. 

A design shown schematically in Fig. 
I~ arranges the generator so that one- 
half its armature winding opposes the 
"ther half when loaded and thus produces 
the approximately constant current 
characteristics desired. This welding 
generator obtains its excitation from a 
third brush located so as to utilize the 
constant component of armature voltage 
produced by the main held poles. Droop- 
mg characteristic at the generator ter¬ 


minals results from variable voltage com¬ 
ponent produced by a variable cross-pole 
held. This design may also have tapped 
series fields in order to provide a wide 
range of current adjustment. 

Other types of generators use different 
methods of adjusting the welding current 
and providing excitation. Some move an 
iron block with respect to the main held 
poles to adjust the leakage flux around 
the armature to vary the welding current. 
Others shift the brushes around the com¬ 
mutator to adjust the output current by 
varying the effective armature reaction. 
Most such designs have secondary adjust¬ 
ment by variation of the held excitation. 

In addition to the requirements as to 
the shape of the volt-ampere characteristic 
and the range of output current adjust¬ 
ment, the welding arc requires rapid 
response of the generator voltage. The 
arc voltage varies widely and extremely 
rapidly during normal welding, as well 
as during intermittent short-circuiting. 
If the arc is to be maintained, the gener¬ 
ator voltage must adjust itself corre¬ 
spondingly. 

Excessive changes in the instantaneous 
flow of welding current during the rapid 



Fig. 10.—Volt-Ampere Characteristic Curves 
of Four Generators Adjusted to Intersect at 
Same Point of Arc Curve 


changes in arc voltage cannot be tolerated. 
A large increase in current in the arc 
during intervals of low arc voltage will 
result in increased spatter of the weld 
metal. Conversely, a large decrease in 
the arc current results in instability which 
may extinguish the arc. 

I'he welding performace of generators 
is usually evaluated by means of oscillo¬ 
graphic tests. The oscillogram is a visual 
record of the changes in welding current 
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Fig ' Separately-Excited, Differentially.Compounded Welding Generator Circuit 


Installation .—Installations of welding 
machines should meet applicable require¬ 
ments of the National Electrical Code and 
local codes. Welding machines should be 
located in a clean, dry place, and should 
be kept off dirt floors. When used out¬ 
doors, suitable protection from the weather 
should always be provided, with care taken 

to assure against restriction of the venti¬ 
lating air. 

Welding machines located where there 
is much dust in the air, and particularly 
those subjected to dust from paint spray- 


C’ 



c 


Fig. 12.—-Type of Self-ExciteWelding Generator 


and generator voltage during predeter¬ 
mined changes in the arc voltage. When 
the generator is short-circuited from no 
load, as in establishing an arc, the 
oscillogram should show that the current 
does not rise to an excessive peak value. 
Similar tests show current surges when 
the generator is short-circuited while 
carrying normal load, and voltage re¬ 
covery when a short-circuit is suddenly 
broken. The United States Navy Specifi¬ 
cations have been generally used as stand¬ 
ards for such tests. 
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in*?, may be equipped with air filters. Care 
must be taken to prevent restriction of the 
ventilating air bv permitting filters to 
become plugged or by using filters too 
small for the air requirements of the 
machine. 

Power line leads should be neatly at¬ 
tached, making sure that no strands touch 
other current-carrying parts or the frame 
of the machine. Each welding machine 
should be carefully grounded by a ground¬ 
ing conductor securely attached to the 
frame. 

Welding machines should not be located 
under work benches or in enclosures un¬ 
less an adequate supply of cooling air is 

available and recirculation of ventilating 
air is prevented. 

Tht * voltage, frequency and phases ol¬ 
die power supply should be checked 
against those shown on the nameplate of 
die machine. If it j s connectable for 
either of two voltages, it should be checked 
to see that it i> connected for tin* proper 
voltage. 

Mawtcnam r .— Manufacturers' instrtu - 
,1 " Ms regarding the maintenance of welding 
machines should be carefully carried out. 
About once every three months a welding 
machine should be checked over and 
d»e dust blown out. using clean, dry 
compressed air at 25 to 30 psi. pressure. 

,nce a yvar. the contacts of the motor 
starter switches and rheostat should he 
inspected, cleaned or replaced as necessary 

, Ush / s l‘e inspected frequently 

" makc sl,rt * dial they are not too short n, 
'►ear properly on the commutator. When 
nc\v brushes are required, they should be 
•'I the same grade as originally used. 

, brush holders should he checked to see 
d'-d the lingers are free and that brushes 
move Ireely in their holders. 

. ] t the commutator is burned or rough, 

't should be cleaned with sand paper nr 

commutator stone, or the armature 

11,11 V K i amoved and the commutator 
h,r,,( *d on a lathe if necessary. 

About twice a year the bearings should 
! r "/"l^cd. If there is ample grease in 
11 'tarings, and it does not have a sour 
Mnc ; " may he run until the next in- 
s pcc t ion. When new grease is added, all 
"id grease should be first cleaned out 

° t k* bearing housing. Hearing housings 

' mil.I be filled only to about one half 
t in 1. 

Chapter do lor further information 


on the safe installation and operation of 
arc-welding machines. 

El )?r il ?^: Driven ’ Single-Operator, D.C. 

Welding Machines 

Engine-driven welding machines employ 
the same type of generators as are used 
■'U electric motor-driven welding machines. 
Hoth gasoline and Diesel engines are 
widely used where there is no electric 
power supply. Ratings are the same as 
those shown in Table 3. 

Similar generators are built with 
neither motor nor engine, but with a 
•diait extension tor licit or direct connec¬ 
tion to any suitable source of power. 

Engines tor arc-welding machines 
should be selected with care and with 
consideration for the overload capacity 
inherent in welding machine design. For 
example, a 3()0-amp. welding machine has 
a rated output of 12 kw. Taking account 
''i tin* efficiency «>t the generator, about 

I'P* 'vill be required t<> drive the 
generator. Since the generator is rated 
•<t niiG duty cycle and 50°C. temperature 
""■. an electric motor rated at only 15 lip. 
‘••ntiniiouN with 40 ( temperature rise 
"•uld drive the generator satisfactorily. 

I he engine is. however, usually rated 
• it its maximum possible output. General 
I "n in c is to publish horsepower ratings 
wkirli include tin* power required by the 
tan. water pump and other engine 
accessories. This accessory load reduces 
the power available at the engine shaft 
E«»r example a 21 hp. engine may have an 
engine access.,ry load of 5 hp., leaving 
an available output of In hp. 

'" h r to provide P»r engine accessory 
■'•ad, generator losses and the overcurrent 
capacity of the generator, a good rule of 
thumb is to use about 70 cu. in. of piston 
displacement per 100 amp. of generator 

tating I Ins is based on an engine speed 

"i between 1500 and 2000 rpm. 

h igure 13 shows the fuel consumption 

curves Of three sizes of typical engine- 

driven welding machines under continuous 
l»*ad at 40 volts. 

f /Vj'ier.t. Most engine-driven 

u vldmg machine, are equipped with 
automatic idling devices to slow the engine 
down to a lower speed during non- welding 
'■•nods. [he fuel consumption of the 

r “ ,min K : ‘t "'-load will he reduced 
roughly m pr,.portion to the reduction in 
'heed I he no-load fuel consumption of a 
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typical 300-amp. gasoline-engine-driven 
welding machine is 1.6 gal. per hr., and 
of a 300-amp. Diesel-engine-driven unit 
about 0.9 gal. of oil per hr. at full speed. 

The net saving of fuel in the gasoline- 
engine-driven welding machine is less than 
that indicated by the figures above due to 
the fact that the acceleration pump on the 
carburetor feeds a gush of gasoline to the 
engine each time it is accelerated. Fuel 
thus introduced is not burned as efficiently 
as with normal fuel-air ratios. 

Care should be taken not to operate 
engine-driven welding machines at too low 
an idling speed, particularly in hot 
weather, since the cooling afforded by the 
fan and radiator will be drastically re¬ 
duced at low engine speeds. 

Some engine-driven welding machines 
are equipped with overspeed devices which 
open the ignition circuit if the engine ex¬ 
ceeds the rated speed of the generator by 

15 to 20%. 



Rectifier Type, Single-Operator, D.C. 

Welding Machines 

Direct-current arc-welding machines 
have been designed without any moving 
parts. Usually they consist of a trans¬ 
former to change the power supply voltage 
to the proper voltage, a reactor for ad¬ 
justment of the current, a rectifier to 
change the alternating current to direct 
current, and sometimes another reactor 


to reduce the ripple in the output current. 

Dry plate rectifiers may have either 
copper oxide or selenium plates. Such 
units are more costly to build than either 
motor-generator d.c. welding machines or 
transformer a.c. welding machines. With 
few exceptions, they have been made only 
for current ratings not included in stand¬ 
ard lines of a.c. and d.c. welding machines. 

Several types of electronic tubes may 
be used as rectifiers for welding service, 
although they do not have the durability 
of other types of welding machines. They 
are usually used in groups of six as poly¬ 
phase rectifiers, and when so used, do not 
require a ripple-eliminating reactor. Such 
equipment has been used for very low 
current welding as required for thin gages 
of special alloy steels. 

Multiple-Operator D.C. Equipment 

Where there is a concentration of 
welders in a small area, such as is fre¬ 
quently encountered in shipbuilding, 
multiple-operator equipment has proved 
economical as regards cost of installation 
and operation. 

Assume a certain small area in which 
there are 100 welders, each operating at 
200 amp. per arc about 25% of the time. 
Where single-operator units are employed 
usual practice is to install a 200- or 
300-amp. single-operator welding machine 
for each welder so that a total installed 

welding capacity of 20,000 or 30,000 amp. 
is required. With a multiple-operator 
system, however, 5000 amp. in generating 
capacity will handle the load. This is be¬ 
cause each welder welding at 200 amp. 
requires this current for only one-quarter 
of the time so that each welder’s average 
load is 50 amperes. 

Generating capacity is generally in¬ 
stalled as large 1000-, 1500- or 2000-amp., 

60- or 70-volt generators. Large copper 
busses are run from the generator to 
the welding centers and there connected 
to welding outlet panels. Sometimes in¬ 
dividual panels are installed for each 
welder; sometimes as many as 10 circuits 
may be grouped in one panel. Each 
circuit is basically a resistor connected in 
series with the electrode holder. The 
resistor is adjustable so that the amount 
of welding current it passes can be con¬ 
trolled. 

In large installations, multiple-operator 
equipment will usually result in reduced 
fixed cost of equipment and cable, reduc- 
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tion in the amount of power used and a 
large reduction in maintenance. The in¬ 
dividual resistor panels can usually be lo¬ 
cated close to the welder so that it is con¬ 
venient for him to make current adjust¬ 
ments. It should be observed that with a 
multiple-operator, d.c. installation all 
welders must weld with the same polarity, 
since individual circuits cannot conven¬ 
iently be reversed. 

. I ... 1 -operator generators 

are built in standard ratings of 600 750 

1000, 1500, 2000 and 2500 amperes. They 
may be provided with motors for any 
combination of voltage, frequencv and 
phases. Synchronous or induction motors 
are used, sometimes wound for 2300 volts. 

ihe average welder actually welds only 
a small percentage of the time. It h, 
'•early always below 25%. For this 
reason, it is common practice to install 
multiple-operator welding equipments with 
a generator capacity of 30 to 50 amp. per 
ate, although the individual resistor panels 
may have ratings up to 300 or 400 amp 
? ach - As many as 300 or 400 arcs have 
H en connected to one group of generators 
connected in parallel. 

Parallel Operation.— i ,e < tu , )S 0 f constant 
potential generators may readily be paral- 
cled for use on multiple-operator welding 
systems, if they are properly connected 
with an equalizer. The individual genera- 
toi control panels should include reverse 
current relays. Over.speed relays have 
sometimes been used for additional pro- 
cuiun against motoring of the generators. 

1‘nnctple of Operation — The multiple- 
operator system employ.*, a constant volt¬ 
age power source with a resistor in series 
the arc. to regulate the current In 
order to make the arc stable, the voltage 
?! he cons tant potential source must be 
'"Rhcr than the arc voltage. The resistor 
absorb* the difference in voltage 
.‘he current which will flow in the cir- 
CUIt I s 1,rn,te d to that value which produces 
a Vo tage drop in the resistor equal to the 
mtterence between the constant potential 
source voltage and the arc voltage. Vary- 
»"g the value of the resistance will change 
, • value of current required to produce 
ns drop and thus give control of the 
welding current. 

1 '>1 information on shielded metal-arc 
welding see Chapter 10 
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Inert-gas metal-arc welding, utilizing a 
semi-permanent electrode such as tungsten 
or carbon, requires special electrode 
lolders and a source of welding power, 
in addition to the gas supply and regu¬ 
lating equipment. Both a.c. and d.c. are 
used.. Alternating current requires spe- 
cial leatures to assure adequate arc sta¬ 
bility; direct current involves no special 
requirements of the welding power supply. 

Practically all inert-gas metal-arc weld¬ 
ing machines may be used, with suitable 
electrode holders, as power supply units 
for shielded metal-arc welding. 


WELD- 


ALTERNATING-CURRENT 

ING MACHINES 

Alternating-current inert-gas metal-arc 
welding is done with three general classi¬ 
fications of equipment: 

!• Specially designed balanced ware 
units producing no direct current com 
ponent and requiring no radio frequency 
energy for arc stabilization 

.2. Specially rated units with simple 
jircrnu involving radio frequency sta 
bihzation of the arc. 

3 Ordinary shielded metal arc ac 
weldmg machines with external radio 
frequency oscillators for arc stabili/a 

Inert-gas metal arc welding machines 
"Hhzmg radio frequency energy for are 
stabilization are subject to the Rules of 
the Federal Communications Commission 

Balanced Wave Welding Machines 

Inert-gas metal-arc welding machines of 
I 1 Fi 1 1 y ha!aiieed wave type have been 

Table 4 ' C iaracterls,ics as shown in 

Equipment of this type is usually used 
U"h argon gas but may he used with 
high purity helium in the welding of aln 
miiium and magnesium. It may also be 
Used for welding other metals 

Welding machines which have been type 

approved by the Federal Communications 

Commission have been built ... .• 

150 200. *0. 400, S '“1 

. ! equipment employs radio frequencv 
oscillators operating within frequency 
hands assigned by the FCC. and may re- 
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Table 4— 

Ratings for A.C. 

Balanced Wave Inert- 

■Gas Metal-Arc Welding Machines 

Rated Current, 

"— Range of Current Adjustment- 

_ N 

Full Load 

High Range, 

Low Range, 

Rated Duty Cycle, 

Input, 

Amp. 

Amp. 

Amp. 

% ' 

Kva. 

200 

40-200 

30-120 

60 

1 4 

400 

90-400 

60-250 

60 

J. X 

28 

800 

175-800 

125-500 

Continuous 

64 


quire the use of special electrode holders 
and cables with electrical characteristics 
tuned to prevent the emission of excessive 
radiation on off-band frequencies. 

Machines employing off-band oscillators 
have been built in large numbers in stand¬ 
ard NEMA sizes shown in Table 1. Such 
units do not have type approval of the 
FCC and may require special methods of 
filtering, shielding and grounding of their 
primary and secondary circuits in order 
to prevent harmful interference with 
established radio services. 

While such units are built in standard 
NEMA sizes, their ratings, input current 
and other electrical characteristics are 
quite different from those encountered in 
metal-arc welding, because of the mag¬ 
netic saturation of their cores by the direct 
current which flows in their secondary 
circuits. This causes unusally high in¬ 
put currents which may produce excessive 
heating and these welding machines are 
specially designed to take care of this 
extra primary input. 

Standard Shielded Metal-Arc A.C. 

Welding Machines 

Ordinary shielded metal-arc a.c. weld¬ 
ing machines may be used with separate 
radio frequency arc stabilization oscilla¬ 
tors. In such installations, cognizance 
must be taken of the extra heating due to 
the d.c. component in the arc, as men¬ 
tioned above, and particular care must be 
taken to prevent harmful radio interfer¬ 
ence, since the oscillator must be arranged 
to operate continuously. 

It should be noted that ordinary alter¬ 
nating current ammeters employing cur¬ 
rent transformers, and hook-on ammeters 
operating on the current transformer 
principle, will not give reliable readings 
of total current in a.c. circuits carrying 
a d.c. component. For this reason, when 
accurate measurement of the output cur¬ 
rent of such welding machines is required, 
direct reading ammeters which carry the 
full current through the instrument itself 
should be employed. 


Capacity 

Since a.c. inert-gas metal-arc welding 
machines are usually applied primarily to 
the welding of aluminum, it is convenient 
to express their work capacity in terms 
of this metal. However, other metals will 
require similar current levels. 

In the selection of welding machine 
sizes, a rule of thumb is to estimate the 
welding current required as 25 amp. plus 
1 amp. per 0.001 in. of metal thickness. 
For example, welding r> / 3 2 -in. thick alumi¬ 
num will require roughly 25 plus 156 amp. 
or 181 amperes. A 200-amp. machine 
would handle the work successfully. 

Power Supply 

Industrial welding machines are built 
for 220, 380, 440 or 550 volt power cir¬ 
cuits. Power factor correcting capacitors 
are usually built into the welding machine, 
although power factors may run con¬ 
siderably lower than those common in 
shielded metal-arc a.c. welding machines. 
This is due to the fact that arc voltages 
in the inert-gas process are lower than in 
the shielded metal-arc and thus require 
a higher reactive voltage drop in the weld¬ 
ing machine to limit the welding current 
to the desired value. In addition, many 
inert-gas welding machines employ higher- 
than-normal voltage secondary windings 
which increases the requirement for reac¬ 
tive voltage drop. In units not having 
direct current preventing means, the input 
power factor may be still further reduced 
by the excessive magnetizing currents re¬ 
quired for saturated cores. 

The input kva. to inert-gas welding 
machines is usually higher than to shielded 
metal-arc welding machines of comparable 
output by reason of the low power factor 
just mentioned. For example, at 300-amp. 
output, a shielded metal-arc welding ma¬ 
chine might have an input of 13.8 kva. 
At the same current, an inert-gas welding 
machine operating with argon on alumi¬ 
num may have an input of 19 to 25 kva., 
depending on its design. 
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Special Requirements 

The special requirements. for inert-gas 
metal-arc a.c. welding machines are the 
result of the tendency of the inert-gas 
metal arc to rectify alternating current. 
In the arc between tungsten and alumi¬ 
num in argon, for example, the tungsten 
is a much better electron emitter than 
aluminum and therefore the arc voltage 
during the tungsten emission half cycle 
is much lower than that during the alumi¬ 
num emission half cycle. This results 
not only in a tendency for the arc to be 
extinguished, but in the flow of a direct 
current through the welding arc and its 
power supply by reason of the unbalanced 
arc voltages. Unless this flow of direct 
current is prevented, partial, or frequently 
even complete, rectification of the alter¬ 
nating current into direct current results. 
Where complete rectification occurs, the 
resulting unidirectional pulsating current 
is in such a direction that it does not pro¬ 
duce a clean bead and coalescence of the 
molten metal. Even when rectification is 
incomplete, i.e., where there is a direct 
current component with more current 
flowing in one direction than the other, 
several undesirable results occur. The 
core of the welding machine may be over¬ 
saturated with consequent excessive cur¬ 
rent input; penetration of the molten pool 
into the base metal is less than with the 
equivalent balanced wave alternating cur¬ 
rent. 

Several methods have been devised to 
minimize or eliminate the rectification and 
instability characteristics of the inert-gas 
welding arc. The arc may be prevented 
from going out by superimposing on the 
normal 60-cycle voltage of the welding 
machine radio frequency energy which 
serves to keep the arc gap ionized and 
thus to keep the arc alive. This action 
assists the establishment of the arc in the 
aluminum-emission half cycle, and helps 
to more nearly balance the currents in 
the two directions. 

1 he arc may he stabilized by the use 
of normal frequency induced voltages suf¬ 
ficiently high to prevent complete rectifi¬ 
cation, by the use of auxiliary secondary 
oscillating circuits with a natural fre¬ 
quency of a few thousand cycles per 
second, or by a combination of these 
characteristics. The extra induced volt¬ 
age is provided by secondary windings 
having a no-load voltage higher than i> 
normal in a.c. metal-arc welding machines. 


V oltage-reducing control panels may be 
incorporated to keep open-circuit idling 
voltages low. 

Even partial rectification can be com¬ 
pletely eliminated by the use of series 
capacitors which prevent the passage of 
any direct current, while allowing free 
passage of alternating current through 
the arc circuit. Other means of balancing 
the alternating current have been em¬ 
ployed or proposed, including the use of 
storage batteries in series with the arc, 
rectifier circuits of unbalanced character¬ 
istics in series with the arc, and so- 
called filter circuits in which a high- 
reactance, low-resistance path for direct 
current is placed in parallel with the 
secondary winding of the welding machine. 

High Frequency Pilots 

Radio frequency current is often applied 
to the electrode in inert-gas metal-arc 
welding. There are two reasons for do¬ 
ing this: First, it facilitates striking the 
arc with or without contact of the elec¬ 
trode on the work; second, it helps to 
stabilize the arc as discussed under spe¬ 
cial requirements above, when the circuit 
used lacks inherent arc stability. Until 
the middle of 1949, the radio frequency 
oscillators used to supply this energy in 
commercial welding machines have been 
of the spark gap type. These units may 
he built into the welding machine en¬ 
closure or mounted separately. In any 
case, the radio frequency energy is trans¬ 
ferred from the spark gap circuit to the 
welding circuit by means of an air core 
transformer whose secondary is in series 
with the arc circuit and carries the full 
welding current. The usual form of 
oscillator is shown in the diagram in Fig. 
14. It consists of a small transformer 
which produces a voltage of several 
thousand volts, connected in series with 
a spark gap of from 0.005 to 0.015 in. 
length (frequently two or more such gaps 
are used in series) and an inductance 
which forms the primary of the air core 
transformer referred to previously. A 
capacitor is connected across the second¬ 
ary of the high-voltage transformer. En¬ 
ergy from the high-voltage transformer 
charges the capacitor rapidly, raising its 
voltage to a value sufficiently high to break 
down the gap. An oscillatory discharge 
current is thus produced, which passes 
through the primary of the air core trans¬ 
former and induces the pilot voltage in its 
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secondary. The frequency of the oscilla¬ 
tions is usually arranged to fall between 
200.000 and 2.000.000 cycles per second. 
Oscillations are quickly damped and re¬ 
started as soon as the capacitor voltage 
builds up again. The result is a series of 
closely spaced bursts of energy at radio 
frequencies which produce voltages of 
sufficiently high value at the electrode to 
break down the gap between the electrode 
and the work. This creates a path for the 
normal frequency or direct current sup¬ 
plied to the resulting arc by the welding 
current supply circuit. 


frequency, the tube-type oscillators do not 
have this limitation and can therefore be 
operated in assigned bands. 

In any case, where radio frequency 
oscillators are used to stabilize the arc, 
provision must be made to prevent trouble¬ 
some radio interference. With spark-gap 
oscillators, this means that filtering, shield¬ 
ing and grounding instructions must be 
carefully observed. With tube-type oscil¬ 
lators, the frequency must be maintained 
within the limits of the band, and suitable 
tuning or filtering means provided by pre¬ 
venting unwanted harmonic radiation. 


POWER 
I M PUT 


SMALL high 



Fig. 14.—High-Frequency Oscillator 


While ordinarily such high voltages 
would be dangerous, at radio frequencies 
they are harmless. Sparks will produce 
a feeling of pricking or burning, but since 
the skin effect characteristic of radio fre¬ 
quency current flow prevents the current 
from flowing through the blood stream or 
any vital organs, it is not hazardous from 
the point of view of shock. The total 
energy involved in the discharge is small 
enough so that severe burning does not 
occur on short exposure, when damped 
oscillations are used, since the bursts of 
energy are separated by sufficient time to 
keep their heating effect low. 

More recently, tube-type oscillators have 
been developed in order to permit opera¬ 
tion on the frequency bands assigned for 
industrial use by the Federal Communi¬ 
cations Commission. The function of these 
oscillators is the same as that of the spark- 
gap type, but they do not produce damped 
oscillations. W hereas the spark-gap type 
cannot be tuned accurately to any specific 


Control Devices 

In addition to the inert-gas metal-arc 
welding machine itself, various control de¬ 
vices are usually required to make a com¬ 
plete installation. These include gas 
valves, water valves, power circuit relays 
and sometimes crater fillers. These de¬ 
vices may be built into the power unit 
enclosure or they may be mounted sepa¬ 
rately. 

Gas valves are usually solenoid valves 
controlled by time delay circuits in such 
a way that the gas flow is not shut off 
when the welding arc is broken, but at 
a predetermined time interval after the 
arc has been broken. The duration of the 
time delay is usually fixed at a value high 
enough to provide a gas shield while the 
welding electrode is cooling down below 
the temperature at which it oxidizes 
rapidly. This time delay is usually in the 
range of 40 to 50 sec. for large electrodes. 
Some gas-control systems have adjustable 
time delav so that when small, rapidly 
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cooling electrodes are used, the gas is 
shut off sooner. It is desirable to have 
the control arranged so that the gas flow- 
may be started either automatically or 
manually before the welding arc is es¬ 
tablished. This facilitates striking the 
arc and purges, from the gas passages of 
the electrode holder, air which would 
cause oxidation of the electrode and work. 

Water valves are not infrequently used 
to shut off the flow of cooling water 
through water-cooled electrode holders in 
order to conserve water and to prevent 
sweating of the electrode holder in humid 
weather. Such valves may be solenoid- 
operated devices controlled by the same 
relays which control the gas flow valves. 

In welding circuits which have sufficient 
inherent stability to operate successfully 
without continuous radio frequency energy, 
additional relay equipment is often used 
to provide operation of the oscillator only 
long enough to make it possible to estab¬ 
lish the arc without contact of the elec¬ 
trode on the work. These circuits em¬ 
ploy very short time-delay intervals so 
that the oscillator is energized for as little 
as 0.01 second. 

Crater-filling devices are used to reduce 
die current at the end of a weld to a value 
low enough to permit finishing off the 
weld without leaving an appreciable crater. 
Usually, such features must be built into 
the welding equipment, since they operate 
by moving the welding machine's current 
control mechanism by means of an air 
cylinder or an electric motor. 


DIRECT-CURRENT WELDING MA¬ 
CHINES 

I he capacity of d.c. welding machine* 
required for inert-gas welding depend* 
on the range of electrode diameters which 
are to be used. Table 5 shows the range 
of direct current usable with various 
tungsten electrode diameters. Generally, 
a 200- or 300-amp., d.c. arc-welding ma¬ 
chine meets the requirements of the aver¬ 
age fabricating shop. Where currents 
below the range of such welding machines 
are needed, as in welding materials down 
to a few thousandths of an inch in thick¬ 
ness, low current attachments (series re¬ 
sistors) are used to reduce the minimum 
current available from the machine. 

I-or welding material over V*-in. thick, 
particularly copper, much higher currents 
than are available from 300-amp. welding 
machines are often used, and machines 
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having larger ratings or several welding 
machines operated in parallel are used to 
furnish the welding current. 

There are no special requirements for 
welding sets used in d.c. inert-gas metal- 
arc welding. Standard d.c. welding ma¬ 
chines of sufficient current output range 
to meet the requirements of the work are 
almost invariably employed. In some in¬ 
stallations, radio frequency pilot circuits 
are used to permit establishing the arc 
without contact of the electrode to the 
work; they are not needed for stabilizing 
the arc when proper conditions of current 
level, gas flow and electrode size are 
maintained. 

Where primary electric power supply 
is not available, engine-driven a.c. weld¬ 
ing machines may be used. A unit for 
such use includes a high frequency device, 
foot-operated gas valve and a complete 
water circulating system to cool the elec¬ 
trode holder. 

OTHER EQUIPMENT 

Manual Electrode Holders 

The inert-gas metal-arc electrode holder, 
or torch, is used to hold the electrode 
which may be tungsten wire or rod, or 
a carbon rod. Jt introduces an envelope 
of shielding gas around the electrode and 
conducts electricity into the electrode. In 
higher current ratings, it is cooled by 
water circulating in the electrode holder. 
Figure 15 shows a water-cooled electrode 
holder, partly sectioned to show its in¬ 
ternal construction. Straight, tubular 
mounting arrangements suitable for ma¬ 
chine welding, or a handle for manual 
welding, may be incorporated in electrode 
holders of this type. 

Air-cooled electrode holders are made 
in capacities up to approximately 100 
amp., and are usually furnished with col¬ 
lets for holding tungsten electrodes of a 
number of different diameters. I he range 
of tungsten diameters used in air-cooled 
holders is 0 . 010 , 0 020 , 0.040, 7 , e , 3 / aa , 7 . 
and 7 32 inch. This range of electrode 
sizes permits the use of air-cooled holders 
for work ranging in thickness from a 
few thousandths of an inch to approxi¬ 
mately 7 * inch. 

Water-cooled electrode holders have 
been built in a variety of types and sizes, 
with ratings ranging from 200 to 800 
amperes. Figure 16 shows one design of 
water-cooled electrode holder, in which a 
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cylindrical junction box is used to intro¬ 
duce the water lines, a gas line and the 
electrical conductors into a single hose 
assembly. Most water-cooled electrode 
holders are furnished with collets for a 
number of tungsten diameters. A typical 
range of collet sizes for a 400-amp. elec¬ 
trode holder is 7i«, 3 / 32 , 7 s, 7 32 , Vie, and 
74 inch. 

The capacity of an electrode holder in 
terms of work thickness is usually deter¬ 
mined by the capacity of the tungsten 
electrodes with which it may be used. 
Figures on tungsten electrodes capacities 
are given in Table 5. However, the 
maximum current which can be handled 
by an electrode holder, regardless of elec¬ 
trode size, is usually governed by the per¬ 
missible rise in temperature of the cooling 
water, and sometimes by the ability of the 
nozzle to withstand the heating of the arc. 
Cooling water temperature rises should, 
in general, be limited to a value which 
will not cause excessive deposition of 
scale from the water, which might plug 
the cooling water passages in the electrode 
holder. 


keep the visibility of the molten pool 
good, to keep the weight of the electrode 
holder to a minimum, to introduce the 
current into the electrode without ex¬ 
cessive localized heating and to provide 
adequate gas shielding of the arc with 
a minimum of gas consumption. 

Other design considerations include in¬ 
sulation to protect the welder from high 
frequency pilot voltages and to prevent 
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F*ig. 15.•“Water-Cooled Inert-Gas l\tfetal-Arc 

Welding Electrode Holder 

Construction .—The design of inert-gas 
metal-arc electrode holders, particularly 
the water-cooled type, is not as simple 
as it might appear at first glance. Be¬ 
sides the problem of introducing cooling 
water into parts that will give adequate 
cooling for the electrode clamps and the 
gas nozzles, the major objectives are to 


arcing to parts of the electrode holder 
itself. 

Electrodes have been held by set screws, 
by brazed joints and by collets. Set 
screws are not generally used in com¬ 
mercial electrode holders because of the 
difficulties in making adjustments of the 
position of the electrode in the holder. 
Collets, either of the spring type or with 
positive clamping nuts, are usually used. 
Brazed joints between tungsten electrodes 
and copper contact parts have been used 
for very high currents such as 800 to 
1000 amperes. 

Proper gas shielding is one of the most 
important requirements of inert-gas 
metal-arc electrode holder. Both ceramic 
and metal nozzles are in use. Ceramic 
nozzles have the advantage of freedom 
from arcing when used with radio fre¬ 
quency pilot circuits, since they are of 
insulating materials and they are light 
in weight. Ceramic nozzles, however, 
are relatively fragile either from the 
mechanical standpoint or when exposed 
to very high temperatures and they also 
are likely to permit diffusion of the 
shielding gas outward or diffusion of con¬ 
taminating air inward. Some types are 
likely to pick up spatter from the molten 
pool of metal with consequent reduction 
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in their melting point and rapid disinte¬ 
gration. 

Metal nozzles can be used at very high 
currents if they are properly water- 
cooled. They have the advantage of 
thin section which permits tapering the 
outside to give maximum visibility of the 
work and molten pool. Spatter does not 
stick to them as easily as it does to ce¬ 
ramics. Metal nozzles must be insulated 
from the live parts of the electrode holder 
in order to prevent arcing from the nozzle 
to the work. This may be troublesome 
where high frequency pilot stabilization 
is employed. 

Welding Cable Length .—Since elec¬ 
trical conductors of very small cross 
section and consequent high watts loss 
per foot of length are used with inert-gas 
metal-arc electrode holders for reasons 
of lightness and flexibility, it is desirable 
to avoid the use of long cable lengths. 
Excessive voltage drop and wasted power 
result from very long cables. In addition, 
where high-frequency pi lot circuit sta¬ 
bilization is employed, it is difficult to 
obtain adequate arc stabilization with a 
long welding lead because of the electrical 
capacity between the electrode lead and 
ground, which bypasses the radio fre¬ 
quency energy. Similarly, long leads in¬ 
troduce excessive water-pressure drop so 
that it may be difficult to secure an ad¬ 
equate flow of cooling water without 
going to pressures which are too high for 
the light, thin-walled tubing used with 
such electrode holders. 

Except where radio frequency stabili¬ 
zation is concerned, these limitations can 
he overcome by running separate electrical 
power cable, gas hose and water hose to 
a terminal block, at which point they 
can he combined into a light hose and 
cable assembly running to the electrode 
holder. In the separate extensions thus 
provided, lightness is of no consequence 
and a copper conductor of heavy cross- 
section can he used, along with standard 
weight water and gas lines. 

In connection with hoses, it should be 
observed that there is some tendency, 
particularly with helium, toward diffusion 
of contaminating air into gas lines, even 
though the pressure of the gas is greater 
than that of the outside air. Natural 
rubber is therefore not considered to be 
the best material for gas hose; some of 
the synthetic materials are much more- 
satisfactory. 


Electrodes 

Carbon electrodes are generally limited 
to use when welding with low currents. 
Easy arc starting and good arc stability 
favor their use. Their relatively high 
rate of consumption and the fact that 
they are very easily broken are adverse 
factors. 

Tungsten electrodes are much more 
widely used because they have higher 
current-carrying capacities in small diame¬ 
ters, they are much more durable and, 
when properly operated, do not con¬ 
taminate the weld. Tungsten electrodes 
are commonly available in a wide variety 
of diameters and lengths, and with three 
kinds of surface treatment. Swaged type, 
or graphite finish, electrodes are widely 
used because of their somewhat lower 
cost. They are coated with a graphite 
film, resulting from manufacturing opera¬ 
tions, and since they do not run as close 
to dimension as centerless ground elec¬ 
trodes, they introduce some problems in 
gripping and introducing high welding 
currents. Polished tungsten electrodes 
are similar to the graphite finish type 
except that they have been tumbled to give 
them a bright, clean surface. Centerless 
ground tungsten electrodes are usually 
recommended for inert-gas metal-arc 
welding because surface imperfections 
have been removed by grinding, and they 
generally meet a tolerance of plus or 
minus 0.001 in. variation in diameter. 
This facilitates slipping them in collets 
which are tight enough to give good 
electrical contact. 

The current carrying capacity of tung¬ 
sten electrodes depends on a number of 
factors such as the type of shielding gas 
used, the length of tungsten extending 
beyond the collet, the effectiveness of 
the cooling afforded by the electrode 
holder, the position of welding and the 
polarity of the current. A marked 
difference is observed in the current 
capacity of electrodes with straight 
polarity d.c. and reverse polarity d.c. 
or a.c. as indicated in Table 5. 

While Table S gives usable current 
ranges on various sizes of electrode, con¬ 
siderable care must be exercised in 
choosing the relationship of current to 
tungsten diameter for a given job. The 
primary objective is to select a current 
which can be used with the tungsten elec¬ 
trode at the highest possible temperature 
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Table 5—Current Ranges for Tungsten Electrodes, Amp. 


Electrode 
Diam., In. 

—A.C. Without D.C.—n 
C omponent 

Helium Argon 

A.C. 

(Unbalanced) 

Argon a 

D.C. 

Straight 

Polarity 

(Helium) 

D.C. 
Reverse 
Polarity 
(Either Gas) 

0.010 

0.020 

0.040 

M 6 

H 2 

H 

M 6 

H 

• • 

• • 

25-30 
30- 50 
40- 80 
50-150 
60-250 

Up to 15 
10- 20 

20- 30 

30- 80 
60-130 
100-180 
180-3G0 
250-400 

• • • 

• • • 

40-i20 

100-180 

150-225 

250-325 

300-450 

Up to 6 

15- 25 

20- 50 
50-150 
100-250 
200-300 
275-350 
300-450 

• • 

10-^ 20 

15- 30 

25- 40 

40- 80 
80-125 


See note on page 183 regarding methods of measuring unbalanced alternating currents. 


consistent with long electrode life. Too 
high a current density with helium may 
result in a black deposit of tungsten on the 
work. Too low a current density results 
in an arc which is hard to direct, may 
be very hard to establish and which 
sometimes runs up the side of the electrode 
linking to the collet. 

With balanced wave a.c. (using argon) 
a good rule of thumb is to use 25 amp. 
plus 1 amp. for each 0.001 in. of electrode 
diameter. With straight polarity, d.c. 
and argon, these values can be increased 
by 50%. Figure 17 graphically shows 
current levels which have been found 
satisfactory for manual welding. These 
curves are based on empirical data for 
one design of electrode holder. The 
maximum current capacity of an elec¬ 
trode depends on a large number of 


factors so that these curves are only 
approximate. 

Electrode life is usually longer if proper 
operating conditions are employed. The 
useful life of a 3- or 4-in. tungsten elec¬ 
trode may be from one to six weeks. 
Electrodes 5 /iu in. in diam. and 3 in. 
long have been used for as long as two 
months in regular 8-lir. shifts at 550 amp. 
a.c. with argon-shielded, machine welding 
of aluminum. 

Factors which shorten tungsten elec¬ 
trode life are: 

1. Operation at too low current den¬ 
sity resulting in cathode bombardment 
and erosion due to low temperature. 

2. Operation at too high current den¬ 
sity, resulting in excessive melting and 
dripping. 

3. Oxidation, usually during the cool- 
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Fig. 17.—Current Levels Satisfactory for Manual Inert-Gas 

Metal-Arc Welding 
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uig period, because of too early shutting 
off of gas flow. Tungsten electrodes 
when cool should show a mirror-bright 
arcing end. 

4. Contamination with base metal, 
particularly aluminum, due to contact 
of hot electrode with welding rod or 
base metal. 


High gas purity is essential to success¬ 
ful arc welding in either helium or argon 
atmospheres. Argon is usually specified 
as welding grade argon, 99.8 ratio. The 
purity of helium has gradually been in¬ 
creased by the Bureau of Mines, which 
produces it, to a nominal value of 99.7%. 
In actual analysis, helium in clean cyl¬ 
inders will show better than 99.9% purity. 

Argon is commercially obtainable in 
cylinders of 200 cu. ft. volume under 2000 

psi. pressure at 70°F. P weighing 154 
pounds. 

Helium is commericallv obtainable in 
cylinders of 235 and 187 cu. ft. volume 
under pressures of 2415 and 2215 psi.. re¬ 
spectively. and weighing 135 and 92 lb. 
respectively. 


Auxiliary Equipment 

Auxiliary equipment used in inert-g. 
metal-arc welding includes gas regulator 
flow meters and filler metal feeders. 

A two-stage pressure regulator special! 
designed for inert gas control and inclut 
mg a small flow meter and a gage t 
indicate gas cylinder pressure is show 
m rig. 18. Some regulators are equippe 
with an additional gage to indicate tli 
pressure of the gas being delivered b 
t h* regulator. 1 his is the back-pressur 
on the regulator or flow meter. Th 
back pressure may be raised by tbrottlin 
the gas flow to the electrode holder b 
means of a needle valve. 

I be back pressure is important wlier 
maximum accuracy of the flow meter i 
desired because it affects the density c 
me gas. blow meters are designed o 
calibrated for a specific gas at a specif! 
pressure; the use of oxygen-therapv o 
other flow meters not designed for heliur 
or argon will therefore give misleadin 
readings. Flow meters are usually cali 
orated in liters of gas per min or'cu. fi 

pcr ] ] r - (1 liter per min. is approximate! 
equal to 2.1 cu. ft. per hr.). 

I-or laboratory testing or when reliabl 

. i *. . is required 

**i trier displacement-type gas meters o 


laboratory-type flow meters operated with 
carefully regulated pressure should be 
used. These are available as separate 
units with a variety of mounting arrange¬ 
ments, and can frequently be put into the 
same cabinet with other control equip¬ 
ment. 

Filler Metal Feeders. — Filler metal 
feeders designed particularly for feeding 
small-diameter welding rods at extremely 
uniform speeds are frequently useful in 
machine-welding installations. The pri¬ 
mary considerations in building this equip¬ 
ment are uniformity of speed in spite of 
load changes, wide speed range and ability 



^ 18 ,~ T i"°'f n 9 ' R?3 ul , a ‘ or «nd Flow M..«. 
°r Inert -Gan Metal-Arc Weldina 


lo feed small wires without kinking or 

jamming them in the delivery tube or 
nozzle. 

Mounting arrangements should provide 
very close adjustment of the angle and 
position of the issuing welding rod rela¬ 
tive to the electrode. Very slight changes 
m these factors will make large diflfer- 
ences in the speed and effectiveness with 
which filler metal can be added to the 
molten pool. Contact of the filler metal 
with the electrode must always be avoided 
as it will result in a wild, explosive arr 
aetion and contaminated electrodes 
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Machine Welding Equipment 

For mechanized inert-gas metal-arc 
welding, special electrode holders are 
available, usually straight and often ar¬ 
ranged for mounting on machine oxygen¬ 
cutting equipment. Water-cooled elec¬ 
trode holders of this type have been built 
with capacity for electrodes up to 7 2 in. in 
diam. and welding currents of 800 to 1000 
amperes. Some designs provide means 
for introducing an axial magnetic field 
to reduce the tendency of the arc to 
wander. Water cooling of gas nozzles is 
essential for high-current ratings. 

Automatic welding heads, which may 
employ the same general type of electrode 
holder or special built-in designs, provide 
continuous and automatic adjustment of 
the welding arc length in response to 
slight changes in arc voltage. They are 
usually used for helium-shielded, d.c. inert- 
gas metal-arc welding. Argon introduces 
some difficulties because with it the arc 
voltage is almost constant over the work¬ 
ing range of arc lengths. 


as required to maintain the preset arc 
length. Transverse adjustment of the 
electrode relative to the joint is provided 
to permit accurate following of the seam. 

See Chapter 12 for information on inert- 
gas metal-arc welding. 

C. ATOMIC HYDROGEN 
ARC-WELDING EQUIPMENT 

ATOMIC HYDROGEN WELDING 

MACHINES 

Machine Ratings 

Standard atomic hydrogen arc-welding 
machines are of the a.c., single-phase, 
static-transformer type and are made with 
ratings and approximate characteristics 
as shown in Table 6. 

35-amp. rated welding machines, with 
their associated electrode holders and 
auxiliary equipment, are ordinarily used 
for light, manual job shop welding, for 
welding thicknesses up to 3 /aa in., mold 



Fig. 19.-—Automatic Inert-Gas Metal-Arc Welding Head with Control for Maintaining Constant 

Arc Length 


Figure 19 illustrates one form of auto¬ 
matic inert-gas arc-welding head and its 
associated control panel. This equipment 
uses electronic control of a motor which 
moves the electrode holder up or down 


and die work, and laboratory uses. 

75-amp. rated machines are the most 
commonly used in general job-welding 
shops and production welding. They can 
be used for manual welding in almost am 
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thickness of material, and machine weld¬ 
ing of parts up to approximately 1 / 2 -in. 
thick. 

150-amp. rated welding machines are 
commonly used only on highly specialized 
manual work, such as overlaying of hard 
materials, and on heavy-duty, high-speed 
machine-welding applications. 


Table 6—Ratings and Characteristics of 
Atomic Hydrogen Arc-Welding Machines 


Rated 

Output 

Current, 

Amp. 

Rated 
Duty 
Cycle. % 

Current 

I Ilpllt 

at 440 
Volts, 
a Amp. 

Power 
Input at 
Rated 
Load, 
JCw. 

Power 

Factor 

at 

Rated 

Load 

35 

60 

13 

.» 

0.88 

75 

60 

27 

10 

0 81 

150 i 

Continuous 

10 5 

0.80 

u Duty 

cycle is 

based on 

10-inin. 

total time 


cycle, or 6 min. load out of each 10 min. elapsed 
time. 


Power Supply 

Welding machines tor 50- and 60-cycle 
power supply are common; special units 


capacitors. These improve the otherwise 
low power factor which would result from 
the relatively high reactive voltage drop 
used to facilitate striking and maintain¬ 
ing a stable arc. Power factors usually 
range from 0.2 leading at minimum cur¬ 
rent settings to 0.6 lagging at maximum. 

Special Requirements 

Successful atomic hydrogen arc welding 
cannot be done with standard shielded 
metal-arc, a.c. welding machines. Special 
requirements include high induced voltage, 
zero-voltage idling control and an aux¬ 
iliary starting winding. Figure 20 illus¬ 
trates typical connections and the princi¬ 
ples of the control scheme. The trans¬ 
former has secondary windings for the 
main welding power, auxiliary starting 
power, power to operate a cooling fan 
and a control voltage which is in phase 
with the welding terminal voltage. Press¬ 
ing the start push-button energizes con¬ 
tactors M and B and the solenoid valve, 
applying voltage to the welding terminals 
and opening the hydrogen valve. When 



PRIMARY 




Control Circuit 


Fig. 20. —Schematic Wiring Diagram for Atomic Hydrogen Welding Machine 


for use with 25-cvcle power have been 
built. Single-phase windings are uni¬ 
versally used. Two or more units may 
be distributed on different phases of two- 
°r three-phase supply systems. 

Good power factor is afforded in modern 
units by built-in power factor correcting 


the arc is struck, the phase angle of the 
control winding shifts, causing the phase 
difference voltage between the fan wind- 
mg and the control winding to energize 
contactor C. The contacts of C seal in 
main contactor M and the solenoid valve. 
( ontactor B drops out, disconnecting the 
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auxiliary starting winding, as soon as the 
start button is released. 

The arc is stopped by depressing the 
stop button which opens the main con¬ 
tactor, or by lengthening the arc until it 
breaks. This puts the control winding 
voltage in phase with the fan winding 
voltage so that contactor C is de-energized. 
Its contacts open the main contactor coil 
and solenoid valve circuits. 

AUXILIARY EQUIPMENT 
Electrode Holders 

Specially designed electrode holders are 
used for manual atomic hydrogen arc 
welding. Commonly used sizes have cur¬ 
rent ratings and electrode capacities as 
shown in Table 7 and are usually used 
with welding machines having correspond¬ 
ing ratings selected from Table 6 . 


Table 7—-Atomic 

Hydrogen Electrode Holders 

Rated Current, 

Rlectrorlc Diarn., 

Amp. 

In. 

50 

0 040 or */ 1 6 or 3 /ss 

75 

8 /s 2 or >/8 

100 

Vs or 6 /aJ 


Electrodes 

Tungsten electrodes are available in a 

range of diameters from 0.040 to 3 /io in., 

nominal sizes being in V 32 of an inch. 

For manual welding, 12-in. long electrodes 

are usual, which inav also be used for 

• 

machine welding in diameters up to V& 
inch. In the larger diameters, using 
lengths of 2 to 5 ft. results in some econ¬ 
omy in machine welding. Electrodes may 
be obtained in three types of finish, usually 
called graphite, polished and ground, with 
cost increasing in the order given. The 
graphite finish is that resulting from 
drawing or swaging operations. When 
the die lubricant and surface oxide are 
removed by buffing, the polished finish is 
the result. The ground finish is obtained 
by centerless grinding and results in a 
smooth contact surface and a minimum of 
eccentricity. In the majority of applica¬ 
tions, either the graphite or polished finish 
is completely satisfactory. Where the 
electrode may be subjected to high current 
densities, the lower contact resistance of 
the polished or ground finish may be de¬ 
sirable. Where both low contact resist¬ 


ance and low eccentricity are factors, the 
ground finish may be necessary. 

Hydrogen 

Hydrogen is commercially available in 
tanks or cylinders usually containing ap¬ 
proximately 200 cu. ft. at a pressure of 
approximately 2000 psi. (The volume 
given is at atmospheric pressure.) If the 
quantity of gas used is sufficient to justify 
the capital investment, equipment may be 
installed for the dissociation of anhydrous 
ammonia into hydrogen and nitrogen by 
passing it through a suitable furnace, 
called an ammonia dissociator. 

The pressure of the stored hydrogen is 
usually higher than that required for weld¬ 
ing. For this reason, as well as to insure 
a fairly constant welding pressure, a pres¬ 
sure regulator is inserted in the line, usu¬ 
ally attached to the hydrogen tank. A 
regulator having a high-pressure gage 
with a scale to suit the supply and a low- 
pressure gage with a scale of 0 to 50 psi. 
is recommended. 

In the majority of cases, the atomic hy¬ 
drogen welding machine includes a solen¬ 
oid-operated valve, which opens to allow 
the flow of hydrogen when the electrical 
circuit is energized, and closes when it is 
de-energized. 

Further information, including a de¬ 
scription of machine atomic hydrogen 
welding equipment will be found in Chap¬ 
ter 11 . 


D. SUBMERGED ARC 

WELDING 

Besides the granular material, or flux, 
and the electrode, or filler rod, which are 
described in Chapter 13, submerged arc 
welding requires a source of welding 
power and an automatic or semi-automatic 
welding head. 

Power sources may be either a.c., trans¬ 
former-type arc welding machines or 
motor-generator type, d.c. arc welding 
machines, described at the beginning of 
this chapter. Some special considera¬ 
tions apply to the selection of these units 
for submerged arc welding because of 
the high currents and high arc voltages 
frequently encountered in this process. 
Arc voltages usually range from 20 to 55 

vnlt<; 
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SUBMERGED ARC-WELDING MA¬ 
CHINES 

Alternating-Current Machines 

For a.c. welding machines the major 
factors to be considered are special control 
features, high currents and high arc volt¬ 
ages. Special control contactors may be 
built into the welding machine enclosing 
case or furnished on separate panels. For 
machines of the larger NEMA ratings 
(see Table 1) contactors are usually built 
in, along with disconnecting knife switches 
and fuses or circuit breakers. 

Motor-operated current adjusters, usu¬ 
ally actuated by push buttons at the weld¬ 
ing operator's station, are frequently used 
for convenience. This permits locating 
the welding machine out of the way, with 
out entailing lost time in making adjust¬ 
ments. 

The required welding current capacity 
may exceed the largest NEMA standard 
arc-welding machine (1000 amp.), in 
which case two or more units may readily 
be paralleled to supply the necessary cur¬ 
rent (see page 182). Installations of 4 
or 5 welding machines of 500-amp. rating 
operated in parallel are frequent. 

The high arc voltages require the use 
of welding-machine circuit' of sufficiently 
high induced voltage to prevent ex¬ 
tinguishment of the arc and excessive 
changes in arc current due to small 
changes in arc voltage. Welding ma¬ 
chines with induced (open-circuit) volt¬ 
ages of 75 volts or over are usually em¬ 
ployed. 

Direct-Current Welding Machines 

I he characteristics of standard d c. arc- 
welding machines are well suited to sub¬ 
merged arc welding. In addition to the 
standard NEMA ratings which may be 
paralleled to obtain the necessary current 
capacity, special units of 1200-amp. rat¬ 
ing are available. These usually consist 
ot two 600-amp. generators driven by a 
single a.c. motor and connected in parallel. 

I he high arc voltages of some sub 
merged arc applications will be reflected 
in additional load on the motor driving the 
generator. At a given current, the input 
to the generator is roughly proportional to 
the load voltage of the generator. Care 
should be taken to select units having 
sufficient motor rating whenever load volt¬ 
ages (arc voltage plus voltage drop in 
cables) exceeding 40 volts are anticipated 
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The flow of d.c. welding current is 
started and stopped either by means of a 
large contactor in the welding circuit or 
by means of a small contactor in the 
generator field circuit, depending on the 
characteristics of the generator. 

WELDING HEADS 

Automatic Heads 

Automatic welding heads used in this 
process are generally similar to those em¬ 
ployed in shielded metal-arc welding and 
the same control schemes are used. Flux¬ 
dispensing hoppers and tubes arc usually 
attached to the welding heads, and special 
current conducting members may be re¬ 
quired to introduce high welding currents 
into the electrode, without excessive heat- 
ing ; 

Either reversing or non-reversing weld¬ 
ing heads may be used. With the former, 
the arc is established when the start 
button is depressed by rapid reversal of 
the welding head motor when the elec¬ 
trode touches the work. This draws an 
arc, after which the motor feeds the 
electrode in the usual way. 

When non-reversing control schemes 
are used, the arc is struck by a high- 
voltage. high-frequency spark discharge, 
or by initially interposing a wad of steel 
wool, or a piece of carbon between the 
electrode and the work before welding 
power is applied to the electrode. In 
either case, the electrode is not advanced 
toward the work until after the arc is 
established. (See Chapter 13). 

Semi-Automatic Equipment 

Semi-automatic or manually controlled 
submerged arc-welding equipment involves 
similar control and electrode feeding 
functions. However, the electrode is de¬ 
livered through a flexible conductor so 
that the operator may direct the electrode 
to follow a seam and control the rate 
of advance along it (see Chapter 13). - 

Manual Equipment 

Manual submerged arc-welding equip¬ 
ment is similar to that used in the semi¬ 
automatic installations, except that the 
electrode is advanced out of an electrode- 
guiding tool by the feed motor at a 
preset constant speed. No control re¬ 
sponsive to arc voltage is employed. Arc 
length is controlled by the welder who 
raises or depresses the tip of the electrode 
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as the need is indicated by a volt meter 
mounted on the electrode guide. 


E. STUD WELDING 
EQUIPMENT 

In general, stud-welding equipment 
consists of a gun or stud holder, usually 
air or solenoid operated, a control panel 
for controlling the welding current, and 
a source of welding power, which to 
date has been d.c. almost without ex¬ 
ception. 

TYPES OF GUNS 

Two types of stud guns are in use. 
In one the end of the stud is placed in 
contact with the work, welding power 
is applied and a solenoid energized by 
the welding current draws the stud 
away from the work to a predetermined 
distance. After a preset arcing time 
measured in tenths of a second, the control 
automatically interrupts the welding 
current. The solenoid is de-energized and 
a spring drives the stud into contact 
with the work. This equipment and 
modifications for bench and production 
applications together with a discussion 
of its use are described in detail in 
Chapter 14. 

In the percussion type stud gun, the 
timing of the arc is controlled by the 
speed with which the stud is moved to¬ 
ward the work and by the dimensions of 
a small diameter projection on the end 
of the stud. The stud moves toward the 
work in a continuous motion. As the 
projection meets the work, welding 
power flows, the projection is vaporized 
and an arc takes place as the stud is 
driven onto the work and the weld is 
completed. Arcing time is regulated by 
the length and geometry of the projec¬ 
tion and by the air pressure supplied 
from a small reservoir charged to a 
predetermined pressure through a regu¬ 
lator. 

CONTROLS 

Controls for stud guns are specially 
designed contactor and relay panels. Ac¬ 
curate timing is very important to the 
successful operation of solenoid-operated 
stud welding guns. Control panels for 


this type of gun are described in Chapter 
14. 

Panels used with percussion stud guns 
are made in a variety of forms to 
suit the type of welding power supply 
equipment used. Those for use with arc¬ 
welding generators are designed to close 
the field circuit to the generator and to 
close the main contactor in the welding 
circuit when the trigger is depressed to 
start the weld cycle. As soon as the 
main contactor closes, a field contactor 
opens the generator field to reduce the 
short-circuit current through the stud, 
immediately followed by opening of the 
main contactor. 

Control equipment necessary with rec¬ 
tifier-capacitor welding power units is 
incorporated in the power unit assembly. 

WELDING POWER SOURCE 

For the solenoid-operated stud gun 
system, standard single-operator, motor- 
generator type, d.c. arc-welding machines 
are employed. For this service welding 
machines must be maintained properly, 
particularly with regard to commutator 
and brush condition. Units which have 
high maximum motor breakdown torque 
are preferred, in order to prevent droop¬ 
ing currents due to the overloads occur¬ 
ring during welding. Welding machine 
capacities under normal operating con¬ 
ditions are show n in Table 8 for solenoid- 
operated stud guns. 


Table 8—Welding 

Machine Ratings for Stud 
Welding 

Stud Diam., 

Welding Machine 

In. 

NEMA Rating, Amp. 

Up to J/h 

:i00 

‘/ 2 

400 

V* 

two-400 paralleled 

v< 

three-400 paralleled 


For percussion stud guns, welding 
power circuits of very high instanta¬ 
neous current output are highly desirable. 
Standard single-operator, motor-genera¬ 
tor, d.c. arc-welding machines may require 
slight modification in order to assure the 
maximum rate of rise of current on 
short circuit. Welding machines having 
reactance coils which can be readily 
short-circuited are suitable. Other types 
of machines may require changes in field 
connections. Commutating conditions of 
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the generator should be carefully ob¬ 
served, as unusually high surges of cur¬ 
rent may cause aggravated sparking at the 
brushes. Unless this is excessive, the 
running-light intervals between welds in 
normal duty cycles should serve to restore 
good commutator polish. 

Rectifier-capacitor power units have 
been used with good results in percus¬ 
sion stud welding. An electronic tube 
rectifier circuit energized from the single- 
phase, a.c. supply furnishes direct current 
to charge a capacitor of very large 
electrical capacity, such as 30,000 or 40,- 
000 microfarads. When the charged 
capacitor is connected to the stud, ex¬ 
tremely high discharge currents of short 
duration are produced. Some installations 
have used similar arrangements except 
that the capacitors are charged by a 
single-operator, motor-generator type, d.c. 
arc welding machine. 

F. CARBON-ARC WELDING 

EQUIPMENT 

WELDING MACHINES 

Capacity and Ratings 

Welding machines for the automatic 
use of carbon-arc welding are manufac¬ 
tured in one size and model, but provide 
a range of control that permits their 
application to a wide variety of jobs. 
1 his machine will weld with a current 
ranging from 100 to 1000 amp. and can 
be used for metal thicknesses from 16 ga. 
to 1 inch. The head can be adapted to 
use x / 4 - to Va-in. carbon electrodes. The 
same equipment is used for welding both 
ferrous and non-ferrous metals. A typical 
carbon-arc welding head is illustrated 
i»i Chapter 9. 

Welding Head Controls 

1 he automatic carbon-arc welding head 
is a mechanism for holding a carbon 
welding electrode, automatically striking 
the arc, automatically feeding the elec¬ 
trode so as to maintain a constant arc 
voltage at all times, and rotating the 
electrode to keep it symmetrically pointed. 
An electro-magnetic field introduced 
around the arc is used to direct the force 
of the arc and to vary the welding 
characteristics of the arc. 

1 he carbon electrode is held in a fiber 


tube, the inside of which is drilled to 

the proper diameter. The holder has a 

row of gear teeth along one side so 

that it can be fed through a feeder body 

that is contained in the case of the 

welding head. The feeder body strikes 

the arc by moving the carbon holder up 

or down, rotates the holder and feeds 

the electrode into the arc as necessary. 

* 

The feeder body is driven by an electric 
motor that is an integral part of the 

head. 

The feeder body assembly consists of 
a set of differential gearing provided 
with friction drums. If both drums are 
allowed to rotate freely they will rotate 
at the same speed and the electrode holder 
will not be raised or lowered. If the 
upper drum is retarded, the electrode 
holder will be fed upward; if the lower 
drum is retarded, the electrode holder 
will be fed downward. Each drum is 
provided with a magnetically operated 
brake for controlling the operation of 
the holder. These brakes are controlled 
bv a differential relay mounted in a con¬ 
trol panel. 

Ihe differential relay consists of an 
armature suspended on fiat springs so 
as to float freely inside a set of differ¬ 
ential coils. The armature operates a 
set of contacts at each end. The coils 
on the right hand are connected across 
the arc; the coils on the left hand are 
connected across the constant potential 
control circuit through an adjustable 
rheostat. W ith the rheostat the voltage 
across the left-hand coils can be set to 
any desired value up to 50 volts. The 
voltage across these coils is known as 
the reference 7’olta</e and is indicated on 
a meter. 

I he two sets of coils are connected 
in opposition to each other so that 
when the arc voltage is exactly equal 
to the reference voltage, the armature 
remains in its central position and neither 
contact is closed. If the arc voltage 
exceeds the reference voltage, the arma¬ 
ture swings to the right, closing the 
contact, energizing the down-feeding brake- 
coils in the head, which causes the arc to 
be shortened until the arc voltage is 
just equal to the reference voltage. 

If the arc voltage is less than the refer¬ 
ence voltage, the relay swings to the 
left energizing the up-feeding brake coils 
causing the arc to be lengthened. Thus 
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the differential relay keeps the arc voltage 
and, consequently, the arc length at a 
constant value, which is determined by 
the setting of the reference voltage. 
In actual operation the armature vibrates 
rapidly from side to side. 

A time delay switch is employed to 
delay the head travel to allow for proper 
establishment of the arc and to insure 
the proper penetration at the start of the 
weld. 

Filler Metal Feed .—When additional 
filler metal is needed to build up rein¬ 
forcement or fill in a large joint, a filler 
nietal feeder attachment is added to the 
standard head equipment. The feeder 
consists of a set of motor-driven rolls 
and guides for automatically taking flat 
or round filler strip or wire from a coil 
and feeding it into the arc. Speed of 
metal feed can be varied by a rheostat 
and direction of feed can be reversed 
when desired. The feeder and wire coil 
are insulated from the head and from 
ground, except where the filler metal 
touches the work at the arc. 

Flux Feeding .—Fluxing and shielding 
of the arc are accomplished by using either 
a fibrous or a powdered flux or a paste 
(see Chapter 9). For powdered flux, 
a hopper fitted with a feeder drum and 
valve is attached to the head. The hopper 
deposits the powder on the scam to be 
welded directly in front of the carbon 
electrode. 

For fibrous flux another feeder attach¬ 
ment is added which consists of change¬ 
able spur gears and drive rolls, and a 
flux guide tube that can be adjusted 
to direct the fibrous material into the 
arc. The fibrous flux is directed so that 
it touches the side of the carbon and 
passes directly over the seam. The speed 
of the flux feed is adjusted with a field 
rheostat in the head motor. Gears 
provide a variety of ranges within which 
the speed can be regulated. The speed 
is regulated so that the flux is completely 
burned up after it passes the arc by about 
6 to 12 inches. 

Current Conduction .— The welding cur¬ 
rent is conducted to the carbon electrode 
through a boot or nozzle. The boot is 
water cooled and within it is wound a 
coil with a magnetic core for producing 
the desired magnetic field around the arc. 
The boots are energized by either a.c. or 
d.c. depending on the type of arc desired 


and the nature of the work (see Chapter 
9). A twin boot is also sometimes used 
to direct the force of the arc backward 
to keep the molten pool away from the 
arc. 

Beam and Carriage 

The automatic head may be used in 
one of several ways. The head itself may 
be mounted on a beam and remain 
stationary while the work is passed under¬ 
neath the arc. Tha head may also be 
mounted on a carriage which moves the 
head along the seam to be welded. The 
carriage consists of a framework mounted 
on small wheels and driven by an 
electric motor through gearing and a 
drive roller. The carriage is mounted 
i)ii a beam which can be made any length 
desired. Limit switches can be put on the 
beam to interrupt the arc at the desired 
point. A field rheostat is used to vary 
the speed of the carriage and gears can 
be changed to widen the range of the 
speed variation. 

The head may also be mounted on a 
tractor which is self-powered and can 
move along a seam without any special 
track. The head is mounted on a vertical 
slide so that it can be moved to ac¬ 
commodate a variety of conditions. The 
speed of travel of the tractor may also 
be separately controlled. 

G. SPECIAL EQUIPMENT FOR 
MACHINE ARC WELDING 

Machine welding by any of the arc¬ 
welding processes requires that some 
or all of the following functions be 
mechanized : 

1. Traversing of the arc with re¬ 
spect to the work. 

2. Controlling arc length. 

3. Wire feeding. 

4. Work holding. 

This section discusses the auxiliary 
equipment necessary for performing these 
functions; other equipment used for the 
individual processes is discussed in the 
foregoing sections of this chapter on the 
specific processes. 

Arc Traversing 

Movement of the arc with respect to 
the work may be accomplished by holding 
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the work stationary and moving the elec¬ 
trode or vice versa. The choice is 
usually dictated by convenience and the 
consideration that practically all machine 
arc welding is best done in the flat 
position. Thus, circumferential seams 
are almost invariably welded with the 
arc stationary and the work rotating 
beneath it. Exceptions may be encoun¬ 
tered, particularly in inert-gas metal-arc 
welding. 


welding arranged to traverse the head for 
longitudinal seams and to position the 
head in desired locations when work-piece 
is rotated for circumferential seams. The 
transverse track is motor-elevated; the 
welding head is supported on a small 
manually-operated carriage for transverse 
positioning. 

For rotation of the work under the arc, 
fixturing is frequently combined with the 
rotating equipment. Figure 22 shows such a 



rig. 21. Travel Carriage and Positioner for Automatic Shielded Metal-A 


rc Welding 


WIr-ii the arc is to be traversed, 
'‘h'le variety of standard travel carr\a< 
ate available. d hose range from vi 
simple motor-driven car-* running 
portable tracks as used in gas-cutti 
equipment to massive structures. 

Hgure 21 shows a travel carriage a 
welding head positioner for automatic i 


unit arranged to clamp and rotate the work 
unh several different chucks provided to 
accommodate various size assemblies. 

In any arrangement for mechanical 
traverse, the machine should provide for 
absolutely uniform travel speed if high 
quahty, uniform work is to be obtained. 
I his point has frequently been overlooked 
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w ith bad consequences. It is not enough 
that the average travel speed over a con¬ 
siderable interval (for example, one rev¬ 
olution of the fixture) should be uniform. 
The instantaneous variations in speed from 
point to point along the seam must also be 
kept to a minimum by proper design to 
eliminate variable friction, over-running 
eccentric loads, belt or friction drive 
slippage and the like. 

A wide range of speed adjustment is 
desirable to permit accommodation of a 


sumable electrode, this function is com¬ 
bined with filler metal feed. In atomic 
hydrogen and inert-gas metal-arc welding, 
it is purely a positioning function. In 
any case, automatic arc-welding heads 
make use of the fact that arc voltage 
is a function of arc length. For this 
reason arc voltage may be used as an 
indication of arc length and the control 
system may be designed to maintain arc 
voltage, and consequently arc length, 
approximately constant. 



Fig. 22.—Fixture for Rotating and Positioning Assembly for Welding 


variety of work and joint preparations. 
Electronically controlled d.c. motor drive 
combines the functions of excellent speed 
regulation and wide speed range. 

Arc Length Control 

The fundamental characteristic of all 
automatic arc-welding heads is arc-length 
control. In processes utilizing a con- 


Automatic arc-welding heads have been 
designed around a variety of basic prin¬ 
ciples. Some types use reversing motors, 
others operate in only one direction. 
One design uses two motors, of which 
one runs at a constant speed, and the 
other at a speed varying above and below 
that of the constant speed motor, but 
always in the same direction. By differ- 
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ential gearing, this combination can be 
made to operate the electrode in either 
direction. Mechanical drive heads have 
also been developed, one form using air 
turbines. Another used a constant speed 
motor with magnetically operated clutches 
to drive the gearing in either direction 


armature of the welding head motor 
connected in series with the armature of 
an auxiliary generator, whose field ex¬ 
citation is controlled by the difference 
between the arc voltage and a reference 
voltage. If the arc-control rheostat is 
set for a given arc voltage and the 



and at speeds regulated by the frequency 
of the rapid engagements of the clutches. 
Heads utilizing hydraulic or pneumatic 
actuation of a piston in a cylinder have 
been proposed for the non-consuming 
electrode processes. 

One reversing motor circuit has the 


electrode is not being fed at the proper 
rate of speed to maintain this voltage, 
thereby causing the arc to become too 
long or too short, the balance of the 
system is upset, which changes the volt¬ 
age applied to the generator field. This 
change causes the auxiliary generator 
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output to increase or decrease, which in 
turn causes the feed motor to speed up 
or slow down until the proper arc length 
is again maintained. During striking of 
the arc, the feed motor reverses direction. 
A control of this type is suitable for 
applications where wire-feeding is com¬ 
bined with voltage regulation. 

Another typical reversing motor control 
system utilizes thyratron tubes connected 
back-to-back and feeding the armature 
of a separately excited d.c. motor. One 
tube furnishes current, tending to rotate 
the armature in one direction, while the 
second tends to reverse the rotation. The 
amount and direction of the resulting 
current supplied to the motor armature 
depend on how much the actual arc volt¬ 
age is above or below a certain preselected 
value. 

Firing of the thyratron tubes is con¬ 
trolled by shifting their grid phase: this 
is accomplished by saturable reactors in 
the grid circuits, whose d.c. windings 
are supplied by amplified signal currents 
proportional to the difference between 
the arc voltage and reference voltage. 

Control schemes of this type are used 
for wire feeding and voltage regulation 
combined in shielded metal-arc and sub¬ 
merged arc welding. Their sensitivity 
may be adjusted to make them suitable 
for the arc voltage control function alone, 
in atomic hydrogen and inert-gas metal - 
arc welding where only very slight motion 
of the electrode is required to increase 
or decrease the arc voltage. 

Wire Feeding 

In the shielded metal-arc and submerged 
arc automatic welding heads, the motor 
is connected by suitable gearing to fric¬ 
tion feed rolls which grip and propel the 
electrode. The electrode enters and leaves 
the feed rolls through wire guides. At 
the lower end of the assembly, means 
must be provided for introducing the 
welding current into the electrode. 

Bare Metal-Arc Welding Feeders .—The 
automatic arc welding head for bare and 
lightly coated electrode is the simplest 
of the wire feeding automatic welding 
heads. A typical assembly for this pur¬ 
pose is shown in Fig. 23 . Welding 
heads of this type are used for bare and 
lightly coated electrodes from V32- to 1 U- 
in. diam. which can be supplied in long 
lengths coiled on reels ranging from 100 
to 200 lb. in weight. These heads are 



Fig. 24.—-Automatic Shielded Metal-Arc Weld 
ing Head with Slitter for Making Contact 


readily adaptable for submerged arc weld¬ 
ing. 

Shielded Metal-Arc Electrode Feeders. 
—Automatic welding heads are available 
for feeding covered electrodes either from 
coils or in short lengths. Coiled covered 
metal-arc electrodes are especially con- 


CROSS SECTION OF 
ELECTRODE. 


FINISHED 



METALLIC AREAS PROTRUDING 
THROUGH HEAVY FLUX COATING 
FOR ENERGIZING WITH ELECTRIC 
CURRENT.- 


HELICALLY WOUND WIRES. 


FIN FORMATION ON CORE WIRE. 


ROUND CORE WIRE. 



Fig. 25.—A Method of Current Conduction 
with Covered Coiled Electrode* 
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Fiq 26.--Automatic Shielded Metal-Arc Weld- 
ln ® Hoad lor Straight Length Electrode* 


structed to resist cracking and spalling off 
of the coating when the wire is curved 
and straightened. In one type of elec¬ 
trode, the electrode covering is reinforced 
by spiral threads of asbestos. The weld¬ 
ing head feed rolls are rubber faced so 
that the covering will not be crushed. 
Current is introduced into the electrode 
by contact fingers working through a 
narrow slit milled through the covering 
by a tungsten carbide, motor-driven cut¬ 
ter. Figure 24 illustrates equipment of 
this type. 

Another type of covered electrode 
which can be coiled utilizes a spiral 
wire wound around the core wire and pro¬ 
truding through the electrode covering 
as illustrated in big. 25. W hen electrodes 
of this type are used, the slitting function 
L not required, and current contact jaws 
can be used. 

Automatic welding heads for feeding 
coiled, covered electrodes are arranged to 
handle electrodes in sizes from 7 / M - to 
‘/arin. diameter. Current levels are gen¬ 
erally 10 to 15% higher than those used 
with similar sizes for manual welding. 

I he increased current is permissible be¬ 
cause of the short length of electrode 
(between the current contact members 
and the arc) which is subject to heating 
by the passage of current. 

Automatic welding heads for feeding 
stick electrodes of the type ordinarily 
used for manual shielded metal-arc weld¬ 
ing utilize the same basic wire feeding 
mechanism and arc voltage control. In 
this type of equipment, the motor drives 
an electrode holder arranged to grip the 
bared end of the electrode as in manual 
welding. The range of current usable 
uith heads of this kind is determined only 
by the manual welding electrodes avail¬ 
able. Figure 26 illustrates equipment of 
this type. 

Atomic Hydrogen Arc-lVelding Heads. 
—Atomic hydrogen arc-welding heads are 
built both as single- and multiple-arc 
units, the number of arcs depending on 
the intended application. In these heads, 
two tungsten electrodes are connected by 
gearing to a driving motor, and are so 
arranged that the motor can bring their 
arcing ends closer together or farther 
apart as needed to maintain the desired 
size of arc. Figure 27 illustrates the 
principles of this welding head. No filler 
metal feeding is involved in this equipment 
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which lias the single basic function of 
arc voltage control. There is no auto¬ 
matic regulation of the distance between 
the electrode and the work in response 
to arc voltage. Once this distance is ad¬ 
justed, however, the regulation of the 
size of the arc by the arc voltage control 
does maintain the electrodes at a relatively 
constant position, so that the heat input to 


Current capacities of single-arc auto¬ 
matic atomic hydrogen heads range up 
to 150 amperes. When more heat is 
required than can be supplied by a single 
arc, a multiple-arc head is employed, in 
which individual motors regulate the pairs 
of electrodes for each arc, and current 
adjustment in each arc is independent of 
the others. 
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Fig. 27.—Automatic Atomic Hydrogen Welding Head 


the work is approximately constant. 
Welding heads of this type are commonly 
controlled by thyratron tubes, utilizing 
the voltage regulation principles pre¬ 
viously discussed. Because of the large 
amount of heat generated by the arc and 
the burning hydrogen in close proximity 
to the parts, the welding head is water 
cooled. Adjustment is provided for 
changing the position of the arc with re¬ 
spect to the electrodes by offsetting the 
electrodes. 


Work Holding Fixtures 

Accurate holding and adequate backing 
and chilling are essential to good machine 
welding economy. Particularly in weld¬ 
ing thin sections, a very delicate balance 
is required between heat input rate and 
the rate of heat dissipation. If the in¬ 
put exceeds the dissipation, the work gets 
hotter as the welding progresses. The 
molten pool widens and deepens, and uni¬ 
formity of welding is destroyed. Non- 
uniform chilling along the length of the 
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joint results in non-uniform welds. In 
manual welding, these variations can be 
compensated for by slight, usually un¬ 
noticed, changes in travel speed but in 
machine welding every effort is made to 
keep the heat input rate uniform and the 
dissipation must likewise be uniform. 

This requirement dictates careful at¬ 
tention to several details in fixturing for 
machine welding: 

1. Uniform backing and clamping 
pressure are essential. The thinner the 
work the more important this becomes. 
Thermal conductivity is largely in¬ 
fluenced by the area of contact with 
the hot work. Multiple-spring pres¬ 
sure shoes may be required to achieve 
uniform clamping. 

2. The location of clamping pres¬ 
sure must be controlled by relieving 
clamping members >o that they will 
clear irregularities in the work and will 
always contact the work at a uniform 
distance from the joint. 

3. Water cooling must frequently be 
used to prevent excessive heat build-up 
in the fixture and consequently decreased 
cooling as more and more welds are 
made. 

4. Gas backing may be advantageous, 
especially in inert-gas metal-arc and 
atomic hydrogen arc welding. Helium 
or hydrogen may be used; both are 
good cooling gases. 

In addition to the requirements for ade¬ 
quate chilling, fixtures should provide 
sufficiently strong clamping to prevent 
distortion of the work as it is heated by 
tlie arc. Fixtures themselves are some¬ 
times distorted by heat, resulting in poor 
fit-up and trouble in welding. 

I oo often the economies that would 
otherwise be obtainable through media 
nized welding are lost because of poor fix 
turing. Not infrequently the welding 
equipment or process is blamed for such 
losses when the root of the difficulty is 
actually inadequate holding and cooling 
«>f the parts. 

H. MISCELL ANEOUS 
ACCESSORIES 

Welding Cables 

Welding cables should he selected with 
attention to the level of welding current 
involved, the distance of the work from 


the machine, and whether a.c. or d.c. is 
used. Coverings of welding cables must be 
smooth and tough to enable them to be 
dragged easily and to resist punctures and 
abrasion by the continual abuse to which 
they are subjected. 

For economical operation the cable sizes 
given in Table 9 should be used as 
these sizes will result in only a 4-volt drop 
in cables. Voltage drops in the cables 
mean power loss. In case of a 4-volt 
drop the power loss in the cables will 
amount to 10% of the output of the ma¬ 
chine at 40 volts. 

When welding with alternating current 
the effect of lead reactance is added to 
that of lead resistance resulting in greater 
reduction of welding current than when 
welding with direct current. Leads which 
are separated will result in further cur¬ 
rent reduction, therefore the welding leads 
should he closely spaced for welding with 
alternating current. Long leads do not 
affect the performance or loading on the 
transformer welding machine. To obtain 
the desired output at a distance, it may 
he necessary to set the welding machine 
for higher output. 

At least 10 ft. of the electrode lead to 
which the electrode holder is attached 
should be the most flexible rubber-covered 
cable obtainable. This is an important 
factor in enabling the operator to manipu¬ 
late his electrode readily and with less 
fatigue. The rest of the electrode lead 
and the work lead need not he extra 
flexible. The lengths of welding lead 
in general use are 25, 50 and 100 ft. and the 
sizes Nos. 2, 1, 0, 00 and 4/0. Cable 
Nplices should be carefully made, w'hether 
lugs and bolts or cable connectors are 
used. A loose cable connection causes 
overheating, and if it is subject to vibra¬ 
tion it will interfere with the maintenance 
of a steady arc. The importance of using 
welding leads of ample current carrying 
capacity cannot be stressed too strongly. 

\ 50-ft. lead of a given size may be ample 
to carry the required current, but should 
another 50-ft. length of the same size In* 
added, the combined resistance of the two 
leads may drastically reduce the current 
output of the welding machine. When 
the machine is readjusted for the required 
output, in case of a motor-generator set. 
additional load will he placed on the drive 
motor, which results in added power con 
Mimption, and may overheat the motor. 
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Table 9—» Recommended Sizes of Welding Leads (Electrode Holder and Ground) 

Distance in Feet from Welding Machine 


Amps. 

50 

75 

100 

125 

150 

175 

200 

100 

2 

2 

2 

2 

1 

1/0 

1/0 

150 

2 

2 

1 

1/0 

2/0 

3/0 

3/0 

200 

2 

1 

1/0 

2/0 

3/0 

4/0 

4/0 

2o0 

2 

1/0 

2/0 

3/0 

4/0 



300 

1 

2/0 

3/0 

4/0 




350 

1/0 

2/0 

4/0 





400 

1/0 

3/0 

4/0 





450 

2/0 

3/0 






500 

2/0 

4/0 






550 

3/0 







600 

3/0 








225 


250 


2/0 

4/0 


2/0 

4/0 


Note: Based on direct current and 4-volt drop. Use next larger size for a c. welding. 


300 

350 

3/0 

4/0 

4 


400 


4/0 


Electrode Holders 

Electrode holders should be securely at¬ 
tached to the welding lead, should be 
properly balanced and, preferably be of 
the insulated type. The welder has a 
wide selection of holders to suit his indi¬ 
vidual taste. For trouble-free service the 
rated capacity of the holder should not be 
exceeded for prolonged periods. 

Tools 

The welder’s personal tool kit should 
contain his steel identification stamp, fillet 
weld gages for welds 3 /io to 3 /« in., a 
machinist hammer, a spirit level, a plumb 
bob, square and flexible rule, several 
chisels, slag hammer and wire brush. The 
welder will find uses for a center punch, 
scriber and soapstone. All of these can 
be obtained readily, especially designed for 
the welder’s use. The kit may be in the 
form of a carrier case, having separate 
compartments for electrodes and tools. 
A convenient tool for cleaning welds con¬ 
sists of a combination chipping hammer 
with chisel head and detachable wire 
brush. Well-equipped welding shops have 
light-weight pneumatic hammers for slag 
removal, peening and chipping. The use 
of safety goggles is important during 
these operations. While welding, the es¬ 
sential eye protector is a helmet or face 
shield in which a removable protective lens 
and cover glass of rectangular shape are 
inserted. (See Chapter 46 for further in¬ 
formation on eye protection.) 

Arc Time Measurement 

Arc time recorders are used to provide 
accurate data for production control. 
These supply a check on the production 
by recording and totaling the time of 
actual welding. The instrument consists 


essentially of a relay system which ener¬ 
gizes a time recorder when the arc is 
on. No time is recorded when the ma¬ 
chine idles or when the electrode is 
grounded on the work-piece. Small-size 
control wires are employed together with 
the welding leads. 

Some devices combine the above fea¬ 
tures with an automatic starter for the 
motor, thus the unit is shut off when 
welding is discontinued for a prolonged 
period, and can be started automatically 
when welding is resumed. 

High-Frequency Pilot Circuits 

The purpose of superimposing a high- 
frequency current on the welding circuit 
is to facilitate striking and maintaining 
the arc especially when low values of 
welding current are used. High-frequency 
equipment is available in self-contained 
units or built in with the welding trans¬ 
former. The most widely used form con¬ 
sists of a spark-gap oscillator employing 
high voltage and high frequency in the 
order of 100,000 cycles. Capacitors are 
provided to bypass the transformer or 
generator coils and thus prevent the high- 
frequency current from passing through 
the power supply, thereby eliminating 
possible damage from this source. With 
the use of superimposed high-frequency 
current the electrode need not be touched 
to the work because the high-frequency 
current jumps the air gap and the welding 
current follows the ionized path thus 
established. The importance of this 
method in the starting of the arc is in 
the fact that in inert-gas welding the 
tungsten electrode need not come in con¬ 
tact with the work, eliminating possible 
contamination of the weld and possible 
burning through a light gage work-piece. 
(See also Section B of this Chapter.) 
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Crater Filler 

The crater at the end of a weld de¬ 
posited by arc welding does not present 
a good appearance and it may affect the 
strength of the joint. The presence of a 
crater in the joint is generally undesir¬ 
able because it is likely to contain blow 
holes or cracks, even if the surface ap¬ 
pears to be sound. Reducing the cur¬ 
rent at the end of a weld helps to fill 
craters by gradually decreasing the size 
of the molten pool. 

Various kinds of equipment are used 
for this purpose, some motor-driven, some 
manually operated by a foot pedal. For 
d.c. welding generators the equipment is 
comparatively simple, consisting of a field 
rheostat which may be driven by a mo¬ 
tor under the control of a switch, the 
electrode holder or operated by a foot 
pedal. In any case, the desired output 
during normal welding is set by the 


rheostat on the machine. Approximately 
3 sec. are usually required for proper 
fading out of the arc. The welder main¬ 
tains the same arc length as during weld¬ 
ing. 

With most a.c. welding machines, the 
equipment required for crater filling is 
more complicated and costly. Crater 
eliminators are not commonly used with 
a.c. welding machines, excepting some 
types of inert-gas metal-arc welding units 

Welding Positioners 

Welding positioners are used to position 
the work for welding in the flat position 
and help reduce welding time and cost. 
Positioners are operated by a crank, or 
in the case of large units by a motor. 
Some are designed to continuously rotate 
the work when the weld is of such a nature 
that it can be brought progressively into 
the most suitable position for the welder 
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CHAPTER 9 


CARBON-ELECTRODE ARC WELDING* 


FUNDAMENTALS OF PROCESS 

Definition and General Description 

Carbon-electrode arc welding is a 
group of arc-welding processes wherein 
carbon electrodes are used, including 
shielded carbon-arc welding, inert-gas 
carbon-arc welding, carbon-arc welding 
and twin-carbon-arc welding. 

Shielded Carbon-Arc Welding. —An 
arc-welding process wherein coalescence 
is produced by heating with an electric 
arc between a carbon electrode and the 
work. Shielding is obtained from the 
combustion of a solid material fed into 
the arc or from a blanket of flux on the 
work or both. Pressure may or may not 
be used and filler metal may or may not 
be used. 

Inert-Gas Carbon-Arc Welding. —An 
arc-welding process wherein coalescence 
is produced by heating with an electric 
arc between a carbon electrode and the 
work. Shielding is obtained from an 
inert gas such as helium or argon. Pres¬ 
sure may or may not be used and filler 
metal may or may not be used. 

Carbon-Arc Welding. —An arc-welding 
process wherein coalescence is produced 
by heating with an electric arc between a 
carbon electrode and the work and no 
shielding is used. Pressure may or may 
not be used and filler metal may or may 
not be used. 

Twin-Carbon-Arc Welding. —An arc¬ 
welding process wherein coalescence is 
produced by heating with an electric arc 
maintained between two carbon electrodes 
and no shielding is used. Pressure is not 
used and filler metal may or may not be 
used. 

Principles of Operation 

Carbon-electrode arc welding is used 

* Prepared by a committee consisting of A. 
F. Davis, The Lincoln Electric Co., Chairman; 
R. H. Thorns, Truscon Steel Co.; R. F. VVyer, 
General Electric Co. 


both manually and automatically for 

• •» 

welding ferrous and non-ferrous metals. 
The carbon arc is used only as a source 
of heat and does not serve as a medium 
for transferring metal as in shielded 
metal-arc welding. The burn-off rate of 
carbon electrodes is low and does not 
affect the weld to any appreciable extent. 
Extra weld metal, when needed for the 
joint, is obtained by introducing a weld¬ 
ing rod into the heat of the arc and melt¬ 
ing off the desired amount of metal. 

In twin-carbon-arc welding the torch 
is used with the same techniques gener¬ 
ally employed in gas welding. The twin- 
carbon torch is usually used where 
it is desired not to melt the base metals, 
as when brazing and soldering (see 
Chapters 22 and 23). With the twin- 
carbon-arc torch, a high temperature is 
maintained between two carbon electrodes 
clamped in adjustable jaws. The arc is 
played over the work much the same as 
a gas flame. Alternating current is gen¬ 
erally used, although direct current, 
either polarity, may also be used. 

Carbon-electrode arc welding has its 
widest use with automatic welding equip¬ 
ment in manufacturing items of uniform 
character that are made in relatively 
large quantities. Through automatic 
welding equipment electrically controlled, 
the arc voltage, arc current, arc travel 
speed and rate of feed of filler metal are 
all independently regulated. Direct cur¬ 
rent, straight polarity (electrode nega¬ 
tive, work positive) is used. Provision 
is made for shielding the arc with a gas 
that is created by feeding a flux to the 
arc. Automatic equipment may also be 
used for carbon-arc welding without 
shielding. 

General Effect of Process on 

Materials Welded 

In carbon-electrode arc welding the ap¬ 
plication of heat and the filler metal feed 
arc controlled separately. Thus in weld- 
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ing a thick piece to a thin piece, the 
heavier section can be heated sufficiently 
to melt it without adding any metal while 
so doing. With the carbon arc technique 
high heats are available for welding 
material which has high heat conductiv¬ 
ity, such as copper. 

With the carbon arc, welds can be 
made without adding any filler metal. 
This factor is important where no weld 
reinforcement is desired. In addition to 
the economy realized by not using filler 
metal, grinding and finishing operations 
can usually be eliminated. This technique 
is employed in making edge joints in thin 
gage sheet metal such as in the manu¬ 
facture of tanks and other containers. 


work does not form part of the electrical 
circuit, the metal is not melted. Only 
enough current is used to cause the weld¬ 
ing rod to flow freely. The recommended 
current is between 50 and 75 amp. for 
Vwin. rods. Whenever possible the joint 
should be welded in the flat position to 
secure best flow of molten welding rod. 
Best results are obtained when electrodes 
are held x /i to 3 / 8 in. away from the 
work. 

Weld Quality 

The assumption is often made that 
when welding steel with the carbon elec¬ 
trode, the carbon content of the weld 
metal is higher than that of the base 



Fig. 1.—T win- Carbon- Arc Welding Torch 


With automatic equipment several 
other variations in technique are possible 
which affect the use of the process. 
Shielding of the molten metal is easier 
than for manual welding, thus giving a 
greater degree of control over the forma- 
tion of oxides and vaporization. Also, 
the arc is controlled by superimposing a 
magnetic field around the carbon, and the 
eftect of the arc can easily be changed 
from non-penetrating to gouging as the 
application requires. Warpage of the 
work is also reduced. 

In twin-carbon-arc welding the same 
separate controls of heat and metal input 
are used somewhat differently. Since the 


metal. This would be true only if the 
carbon actually contacted the molten 
metal, which of course is not the case. 
1 he following table gives carbon content 
of base metal and weld metal: 

—..Carbon Content, c / f - -. 

Ha sc Material Weld Metal 

0.07 0.12 (low) 0.06 

0.1 5 0.25 (medium) 0.1 1 

0.30-0.40 (l)ik'li) 0.15 

1 he properties of welds made with the 
carbon arc in mild steel vary little from 
those of welds made with the metal arc. 
Since the carbon arc can be shielded! 
these properties are therefore nearly the 


Base Metal 

0.10 

0.20 

0.32 
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same as those made with covered metal 
electrodes. 

In welding non-ferrous metals, welds 
of high tensile strength and ductility are 
produced when recommended procedures 
are followed and the base metal falls 
within the ranges of those normally 
classed as weldable. 


be made while operating the torch to 
maintain a constant distance between the 
electrodes as they are slowly consumed. 
The torch operates at 35 to 40 volts and 
since the majority of arc-welding controls 
are calibrated in amperes at the average 
metal arc of 25 to 30 volts, the machine 
controls should be set 20% above rec- 



Fig. 2.—Automatic Carbon-Arc Welding Head 


EQUIPMENT USED 
Machines 

For manual carbon-arc welding no 
special equipment is needed. Carbons 
range in size from Vaz to 7a inch. When 
using the larger sizes on fairly continu¬ 
ous operations, a special water-cooled 
holder will increase operator comfort and 
efficiency. Adapters for holding large 
carbons in regular electrode holders are 
available as well as special, air-cooled 
holders. 

The twin-carbon arc torch (Fig. 1) has 
two adjustable arms in which are 
clamped the carbon electrodes. The arms 
are usually geared so that adjustment can 


ommended current settings. Copper- 
coated and cored carbons are generally 
used from 3 /io to a / 8 in. in diameter. 

For automatic carbon-arc welding a 
d.c. generator of the variable voltage type 
is required to supply welding current and 
power to drive the head. 

The welding head is a motor-driven 
mechanism for holding and feeding the 
carbon electrode. In some applications 
the head is mounted on a carriage and 
travels on a beam, welding the seam while 
the work remains stationary under it. 
This requires a fixture for holding the 
work and a power-driven fixture for 
moving the welding head. A typical head 
is shown in Fig. 2. 

In other applications the welding head 
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remains stationary while the work moves 
under the carbon arc. The welding head 
is mounted at the proper distance from 
the work which is moved by the fixture 
along under the arc. In a third type of 
application the welding head is mounted 
on a self-propelled tractor which travels 
along the seam. 

The head automatically strikes the arc 
and feeds the carbon through a water- 
cooled magnetic boot. The carbon is also 
revolved during the welding to maintain 
a uniformly pointed tip and to self clean 
the bushing where the current contact is 
made. The exposed portion of the elec¬ 
trode is kept relatively short, l'/a to 2 in., 
to permit the use of greater current densi¬ 
ties for a given diameter than for manual 
welding. Also, the life of the electrodes 
is much longer than the life of electrodes 
for manual welding due to the lesser sur 
face exposed to oxidation below the con¬ 
tact. Most carbons used for automatic 
welding are of the coke rather than the 
graphitic type as there is no advantage in 
using the latter since comparatively small 
area is exposed to oxidation. The length 
of electrodes varies from 12 to 36 inches. 

I he carbon arc is very easily affected 
by magnetic fields set up by the welding 
current and the distribution of magnetic 
material in the particular piece being 
welded. In order to stabilize and focus 
the arc in a desired direction, a separate 
magnetic field is used. This magnetic 



3.— Carbon- Arc Without 

Field 


Magnetic 


field is generally built into or around 
the welding boot through which the car¬ 
bon feeds. 1 he three types of control 
most generally used are: (1 ) the alter¬ 
nating-current boot; (2) the direct-cur¬ 
rent boot; (3) the twin boot. The effects 
ot magnetic fields on the carbon arc can 
be noted in bigs. 3 and 4. These effects 
are lessened as the height of the boot 
above the work is increased. 
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The alternating-current boot is one in 
which the field is produced by a shunt 
coil generally energized by a 110-volt 
supply. It is used for welding light- 
gage material and also where base metal 
is unsymmetrical above the seam. 

The direct-current boot is energized 
from the welding current. It is used for 
welding butt and lap joints in medium 
gage material. The penetration for a 
given welding current and speed is about 
209c greater than for the alternating-cur¬ 
rent boot and the width of the weld is 
about 20% less. 

I he twin boot, which is shown in Fig. 
2 , consists of a welding boot and a mag¬ 
netic boot with adjustable pole piece. 
These boots are connected in series and 
are energized by the welding current. 
They are arranged to produce a back¬ 
ward blow of the arc so that the force 
of the are tends to propel the molten 
metal away from the carbon toward the 
point of solidification. The twin boot is 
used with powdered fluxes in making butt 
welds in material l /« in. and heavier. 

Shielding Fluxes 

J be protection of the molten metal 
from the atmosphere is accomplished by 
gas- an 1 slag-forming fluxes introduced 
into the arc by means of an automatic 
feeding mechanism attached to the weld¬ 
ing head. 

1 hree types of flux are used: paste 



Fig. 4—Carbon-Arc with Superimposed 

Magnetic Field 

type for light slag forming; fibrous type 
in the form of chemically impregnated 
paper cord; and powder type for heavy 
slag forming. 

'lhe light slag-forming fluxes are 
mixed with water and brushed on the 
seam prior to welding. Several kinds are 
used, each being designed to suit the 
chemical analysis range of base materials 
or type of joint. They are used when 
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welding voltages are from 19 to 25 volts. 

The paper cord flux produces a gaseous 
shield which protects the metal from oxi¬ 
dation. It also performs the function of 
stabilizing the arc. This type of flux is 
used in welding steel having a thickness 
.range of 16 gage to r 7w inch. Paste type 
fluxes may be used with fibrous fluxes. 
Figure 5 is a diagrammatic sketch show¬ 
ing fibrous cord being fed into the arc. 



Fig. 5.—Shielding by Means of Fibrous 

Paper Cord 

Powdered fluxes are used for steel 
plates 1 /* in. thick and heavier where the 
amount of molten metal exposed to the 
atmosphere is greater than for thinner 
material. They produce a layer of heavy 
slag over the bead. Special powdered 
fluxes are also used for welding aluminum 
and stainless steel. The powder flux 
feeder is shown in Fig. 2. 


COMMON APPLICATIONS 
General 

The carbon electrode is used for arc¬ 
welding steel, cast iron, galvanized steel, 
copper, brass, bronze and aluminum. The 
carbon-arc is also used to advantage as 
a cutting tool and, with the twin-arc 
torch, it is used for brazing and solder¬ 
ing both light and heavy copper, galvan¬ 
ized and tinned parts. The carbon-arc is 
also used for preheating small areas prior 
to welding and for applying heat for 
bending and straightening operations. 


Steel 


For the manual welding of steel with 
the carbon electrode the following elec¬ 
trode sizes and maximum currents are 
characteristic: 


Diameter of Carbon 
Electrode, In. 


Maximum 
Current, Amp. 


®/32 
3 /l9 
l /4 

8 /s 

V* 


so 

100 

200 

350 

450 

700 


Smaller currents may be used, depend¬ 
ing on the weight or thickness of the base 
metal. 

The electrode should be tapered from 
where it is gripped in the holder to a tip 
approximately half the diameter of the 
electrode. Straight polarity, electrode 
negative, is used in almost all cases. 

The principal use of manual carbon- 
arc welding in steel is in making edge 
joints without addition of filler metal. 
This is done chiefly in thin gage sheet 
metal work, such as tanks, where the 
edges of the work are fitted closely and 
simply fused together. Table 1 gives 
average conditions for making such edge 
joints. 


Table 1 — 

Edge Joints 

in Steel (Manual) 

Metal 


Electrode 

Welding 

Thickness, 

Current, 

Size, 

Speed, 

Ga. Voltage Amp. 

1 n. 

Ft./Hr. 

16 25 

90-100 

3/1 8 

135 

14 25 

125-135 

V4 

125 

12 25 

200-250 

Vi-Vifl 

110 

10 25 

250-275 

V 4 -V 10 

100 


For welding heavier gage plates and 
for applications where the work presents 
a large volume of uniform pieces, auto¬ 
matic carbon-arc welding is generally 
used. A comparison between the auto¬ 
matic and manual procedures, of the elec¬ 
trode diameters and the respective cur¬ 
rents used will indicate the cost-reducing, 
higher welding speeds that can be real¬ 
ized with automatic equipment. 

The following electrode sizes and cur¬ 
rent ranges are characteristic for auto¬ 
matic carbon-arc welding of steel: 


Diameter of Carbon 
Electrode, In. 

V* 

6 /i« 

3 /s 

V2 

6 /s 


Current Range. 
Amp. 

50-350 

100-700 

150-900 

200-1100 

250-1400 


Because of the higher amperage used 
the rate of travel of the arc is increased 
greatly, thus reducing overall welding 
time. 

Tables 2 to 10 give welding data for 
automatic welding of various types of 
joints in steel. The information includes 
metal thickness, currents, voltages and 
welding speeds together with the type of 
flux and, where necessary, the amount of 

filler metal required. 

The data shown in these tables are ap- 
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proximate and should be varied as neces¬ 
sary for any application depending on 
variations in such factors as steel quality, 
uniformity and closeness of fit-up, sur¬ 
face condition of steel, desired amount of 
weld reinforcement and the use of jigs 
and fixtures. Any one of the factors 
shown in the table, whether voltage, cur¬ 
rent, speed, type of flux or reinforcement, 
may be changed independently of the 
other factors to meet specific require¬ 
ments. 


If the steel conforms closely to the 
steel previously recommended for good 
welding quality the current recommended 
for 14 ga. to 3 /ie in., inclusive, may be 
increased to 450 amp. with a correspond¬ 
ing increase in welding speed. 

Table 4 gives data for making butt 
joints without root opening and with 
filler metal. This type of joint (Fig. 9) 
is stronger than a joint made without 
filler metal and will have 70% penetra¬ 
tion. It is used on torque tubes, railroad 


¥ 


V// f\ 




t 1 


Fig. 8.—Automatic Welding of Butt Joints 
Using Fillsr Metal and a Copper Backing 
(Table 2) 


Fig. 9.—Automatic Welding of Butt Joints 
Using Filler Metal But No Backing (Table 4) 


The data shown in these tables are for 
making straight lengths of butt, edge, lap 
and corner joints in mild steel within the 
range as indicated below : 

Carbon. 0.15 to 0.25'/,. 

Manganese.0.35 to 0 . 60 % 

Silicon. 0 . 07 % max. 

Sulfur.0.05% max. 

Phosphorus.0.045% max. 

Travel speeds will be slower for steels 
outside this range. 

t— i -j r~ w ) 

7.—Automatic Welding of Butt Joints 

Without Filler Metal or Backing 'Table 3) 

I able 2 gives data for making butt 
joints in tanks, range boilers, pipe and 
similar products, and made with the work 
clamped in position on a copper hacking. 
Tor this type of joint the filler metal is 
automatically fed into the arc and both 
paste and fibrous flux together are used. 
(See Fig. 6.) 


car center sills, etc. 

Table 5 gives data for making butt 
joints with 100% penetration by welding 
from both sides (see Fig. 10). Welding 
rods may he tacked onto the seam, but 
filler metal fed automatically into the arc 
is recommended. Some applications per¬ 
mit applying the filler metal on only one 
side of the seam. 

I he above data may he used for weld- 


Fig. 10.—Automatic Welding of Butt Joints 
Using Filler Metal and Welding from Both 
Sides (Tables 5 and 9) 

ing high-tensile steel in which case the 
high side of the current and voltage 
ranges are to he used. When an angle 
is specified it indicates the degree of tilt 
at the point of welding so the welding 
will progress up an incline. 

1 able 6 gives data for making lap 
joints of the type shown in Tig. 11 which 


err—> 



W?4V. 8 ’ Welding of Butt Joints 

Without Filler Metel or Backing (Table 3) 


Table 3 gives data for making butt 
joints without root opening and without 
Idler metal securing 70% penetration. 
Seams are clamped tightly together as 
shown in Figs. 7 and 8. ’ This type of 
joint is used for automobile axle hous- 
,nRs * Motor and generator frames, ship 
channels and other similar products. 




Fi ° * 1 -““Automatic Welding of Lap Joint 
Without Filler Metal (Table 6) 


are used in making mufflers, tanks, range 
boilers and ships. No filler metal is re¬ 
quired and the work is clamped or tacked 
in position. 

W here the steel conforms closely to the 
steel previously recommended for good 
welding quality, the above currents may 
be increased about 75 amp. with a corre- 
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Table 2 — Butt Joints Using Filler Metal and Copper Backing 


Metal 

Thickness 

Voltage 

Current, 

Amp. 

Electrode 

Diameter, 

In. 

Flux 

Filler 

Metal 

Lb./Hr. 

Welding 
Speed, 
Ft./Hr. 

1 6 ga. 

42 

180 

6 /io 

Fibrous - 

- paste 

5 

160 

14 ga. 

42 

240 

Vio 

Fibrous -j 

- paste 

5 

160 

12 ga. 

42 

300 

VlO 

Fibrous - 

- paste 

5 

140 

10 ga. 

42 

375 

5 /io 

Fibrous -\ 

- paste 

5 

100 

*Vi o in. 

38 

375 

3 /s 

Fibrous - 

- paste 

5 

75 

Vi in. 

38 

400 

3/8 

Fibrous -| 

- paste 

5 

60 

f> /io m. 

38 

450 

3/8 

Fibrous - 

- paste 

5 

45 



Table 

3 Butt Joints With No Biller Metal and No Backing 


Metal 

Thickness 

Voltage 

Current, 

Amp. 

Electrode 
Diameter, In. 

Flux 

Welding Speed, 
Ft./Hr. 

16 ga. 

22 

200 

®/i« 

Paste 


300 

14 ga. 

24 

250 

Via 

Paste 


300 

12 ga. 

24 

350 

5 /1<1 

Paste 


260 

10 ga. 

24 

375 

r */l.» 

Paste 


180 

3/ 1 o in. 

35 

400 

3/8 

Fibrous - 

- paste 

150 

Vi in. 

38 

450 

3/8 

Fibrous - 

- paste 

120 

5 /io in. 

38 

450 

3/8 

Fibrous - 

- paste 

100 

•*/« in. 

38 

450 

3/8 

Fibrous - 

- paste 

75 



Table 

4 — Butt Joints With Filler Metal 

and No 

Backing 


Metal 

Thickness 

Voltage 

Current, 

Amp. 

Electrode 

Diameter, 

In. 

Flux 

Filler 

Metal 

Lb./Hr. 

Welding 
Speed, 
Ft./Hr. 

14 ga. 

42 

160 

6 /io 

Paste 


3 

260 

12 ga. 

42 

200 

6 / 10 

Paste 


3 

2()0 

10 ga. 

42 

29o 

6 /10 

Paste 


3 

160 

3/m in. 

38 

37 5 

3/8 

Fibrous - 

b paste 

5 

140 

V 1 in. 

38 

450 

3/8 

Fibrous - 

- paste 

5 

110 

6 /lU Ill. 

38 

450 

3/8 

Fibrous - 

- paste 

5 

9(» 

3/s in. 

38 

45o 

3/8 

Fibrous - 

- paste 

5 

65 


Table 5 — Butt Joints Welded From Both Sides With Filler Metal 


Metal 

Thickness, 

In. 

Voltage 

Current, 

Amp. 

Electrode 

Diameter, 

In. 

Flux 

Filler 
Metal, 
Lb./Hr. 

Angle, 

Deg. 

Welding 
Speed. 
Ft./Hr. 

Vi 

29-34 

700 

Vs 

Powder 

9.0 

0 

50 

3/8 

30-35 

750 

Vs 

Powder 

9.0 

0 

50 

Vs 

30-35 

750 

Vs 

Powder 

8.5 

3 

42.5 

3/8 

31-36 

750 

Vs 

Powder 

7.5 

3 

35.0 

3/4 

32-37 

700-750 

Vs 

Powder 

6.5 

6 

22.5 

V 8 

32-37 

750-800 

Vs 

Powder 

6.5 

6 

17.5 

1 

32-37 

800-850 

Vs 

Powder 

6.5 

6 

15.0 




Table 6 — 

Lap Joints Without Filler Metal 


Metal 

Thickness 

Voltage 

Current, 

Amp. 

Electrode 
Diameter, In. 

Flu: 

K 

Welding Speed, 
Ft./Hr. 

18 ga. 

25 

225 

3/1 8 

Paste 


150 

16 ga. 

25 

250 

6 /10 

Paste 


13a 

1 1 ga. 

26 

325 

3/10 

Paste 


123 

12 ga. 

30 

325 

3/10 

Fibrous - 

- paste 

110 

10 ga, 

32 

325 

3/10 

Fibrous - 

- paste 

100 
r\ r\ 

3/io in 

33 

325 

3/8 

Fibrous ~\ 

- paste 

90 

V 4 in. 

33 

350 

3/8 

Fibrous - 

- paste 

/0 

3/io in. 

35 

400 

3 /s 

Fibrous - 

- paste 

50 

3/8 in. 

35 

400 

3/8 

Fibrous - 

- paste 

40 


Note: If joint is tilted about 5 degrees speeds may be increased as much as 50 r /r>. 
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sponding increase in the welding speed. 

Table 7 gives data for making edge 
joints as illustrated in Fig. 12. Typical 
applications include mufflers, tanks, com¬ 
pressor housings and similar parts. 

IP 13 

Fig. 12.—Automatic Welding of Edge Joints 
Without Filler Metal (Table 7) 

Table 8 gives data for making corner 
joints. The work should be clamped in 
place on a copper backing where 100% 
penetration is required. In cases where 
less penetration is required the backing 
may be omitted. No filler metal is re¬ 
quired (see Fig. 13). Square tanks and 
street lighting standards are typical ex¬ 
amples of the use of this type of joint. 

Welding for approval under the ASME 
Code for Unfired Pressure Vessels, Par. 
U-68 or U-69, requires variation in the 
above procedures. Data shown are for 
>tcel with the following analysis: 

Gtrbon .0.10 to 0.35% 

Manganese .0.90% max. 

J‘ Uco n .0.20% max. 

1 hosphorns .< 1 . 04 % max. 

Sulfur .0.05 f /c max. 


Some steels having analyses outside the 
above range can be welded satisfactorily 
using the data shown. However, it may 

use lower speeds and 



Automatic Welding of Corner Joints 
Without Filler Metal. A Backing Is Used 
Where 100% Penetration Is Required (Table 8) 

welding currents to obtain satisfactory 
results. On the other hand steels of unu¬ 
sually good welding quality may be 
welded at higher speeds. 

The data shown in Table 9 will give 
100 % penetration on straight seams, 
welded irom both sides using filler metal 
and powdered flux (see Fig. 10). 

The data in Fable 10 will give 50% 
penetration tor joints welded using' a back¬ 
ing weld and adding filler metal. 

Galvanized Steel 

Galvanized steel may be welded manu¬ 
ally with the carbon-arc. If the recom¬ 
mended welding procedure is followed the 
carbon-arc has a negligible effect on the 



* 1 • ■ «mm m 

Table 7 — 

• Edge Joints Without Filler Metal 



M eta 1 
• luckness 

Voltage 

Current, 

Amp. 

Elect rode 
Diameter, 1 n. 

Flux 

Welding Speed, 
Ft./Hr. 

20 Ka. 
IHka. 

19 «a. 

■ 4 Ka. 

13 Ka. 

•" Ka. 

■‘/m in. 

1 t 

4IU. 

i ) 

> > 

^0 mm 

25 

25 

25 

25 

25 

25 

120 

120 

120 

140 

275 

325 

350 

3 50 

1 / 4 
'/4 
»/4 
"/l« 

"/in 

B /l« 

Vio 

5 /i* 

Paste 

Paste 

Paste 

Paste 

Paste 

Paste 

Paste 

Paste 


250 

225 

200 

185 

170 

150 

140 

135 

. . _ 

— 


Table 8 — 

Corner Joints Without Filler Metal 



Metal 
l hickness 

\ oltage 

(air rent. 
Amp. 

Elect rode 
Diameter, In. 

Flux 

Welding Speed, 
Ft./Hr. 

18 Ka. 

19 Ka. 

1 4 Ka. 

12 Ka. 

19 Ka. 

*/u» in. 

24 

24 

24 

25 

32 

32 

120 

135 

15o 

275 

325 

350 

‘ / 4 
‘ / 4 
»/« 

5 /lfl 

8 /l* 

®/l« 

Paste 

Paste 

Paste 

Paste 

Fibrous -f paste 
Fibrous -f- paste 


130 

130 

130 

115 

100 

90 

~~~ "' ■ ■ - 

■'- — - J ._ 

Table 9 — 

Butt Joints Welded From Both Sides 


----—- 

Metal 

1 l»ii kne>s, 

1 n 

\'<»ltage 

Current, 

Amp 

Electrode 

Diameter, 

In. Flux 

Filler 

Metal, 

Lb. /11 r. 

Angle, 

Deg. 

Welding 

Speed, 

Ft./IIr. 

* * 

V. 

*/a 

29 34 

3i» 35 

3<t 3 4 

31 36 

32 37 

65u 

650 

Mill 

7 5o 

7ou 

1 '•* Powder 

- Powder 

1 1 Powder 

Vi Powrler 

1 /2 Powder 

8.o 

8.0 

6.5 

6.5 

6.5 

0 

P/a 

3 

3 

6 

42.5 

32.5 

32.5 

17.5 

15.0 
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Table 10 — 

Butt Joints Using A Backing Weld 



Metal 

Thickness, 

In. 

Voltage 

Current, 

Amp. 

Electrode 

Diameter, 

In. 

Flux 

Filler 

Metal, 

Lb./Hr. 

Angle, 

Deg. 

Welding 
Speed, 
Ft./Hr. 

1 / 4 

29 3 1 

650 

Vs 

Powder 

8.0 

0 

85 

V* 

30-35 

650 

Vs 

Powder 

8.0 

lVs 

65 

l/ 2 

30-35 

600 

Vs 

Powder 

6.5 


45 

r»/ s 

31-36 

750 

Vs 

Powder 

6.5 

3 

35 

«/4 

32-37 

700 

Vs 

Powder 

6.5 

6 

35 


corrosion-resistant qualities of the mate¬ 
rial. Although the heat-affected zone may 
appear to have lost its zinc coating, the 
coating has actually only been melted and 
not burned off. Even a zone which ap¬ 
pears to have lost all zinc still resists cor¬ 
rosion better than ungalvanized steel. 

The following procedure is suitable for 
welding galvanized sheets from 16 to 22 
gage inclusive, using a copper-silicon- 
manganese welding rod. 

For 16 and 18 ga., a Vas-in. diam. 
welding rod and a Vas-in. carbon elec¬ 
trode are used. For 20 and 22 ga., a 
Vio-in. diam. welding rod and a 6 / 32 -in. 
carbon electrode are used. 

Carbon electrodes for welding galvan¬ 
ized steel should have a long thin taper. 
A standard ‘Vas-in. diam. carbon electrode 
should be ground down with a gradual 
taper to a very small point. This is held 
in the electrode holder about Vf s in. from 
the point so that during welding it will 
remain necked down and tapered. 

The current should range from 50 amp. 
for 16 ga. down to 20 amp. for the 
lighter gages, depending on the type of 
joint being made. The arc should always 
be played on the welding rod and not on 
the galvanized sheet, and should be as 
short as can be maintained. If the proper 
current and arc length are used, smooth 
welds will result. The welding of gal¬ 
vanized steel smoke stacks is shown in 
Fig. 14. 

Cast Iron 

Iron castings may be welded manually 
with the carbon-arc using a cast-iron 
welding rod. A machinable weld can be 
made in the flat position on heavy cast¬ 
ings by proper manipulation of the arc 
and welding rod. Cooling of both de¬ 
posited and base metal can be retarded by 
playing the arc upon the work. The hard 
spots that complicate machining can be 
largely eliminated by using dehydrated 
borax flux and floating the oxides out of 
the molten metal. 


The cast-iron welding rod used with 
the carbon electrode is usually of far 
higher grade material than the base metal. 
The tensile strength of the weld metal 
will therefore normally be higher than 
that of the casting. 

Copper 

Copper may be welded by carbon-arc 
welding either manually or automatically. 
Where economically feasible, automatic 
welding is recommended for best results, 
namely a smooth, dense weld. 

For manual carbon-arc welding of cop¬ 
per, it is important to maintain uniform 
welding current and voltage. 

The composition of the welding rod 
will vary according to the physical and 
mechanical characteristics required of the 
welded structure. If the weld must have 
low electrical resistance, the filler metal 
may be of pure copper. Where electrical 
or thermal conductivity are not essential 
but ductility and strength are required, 
the filler metal may be copper silicon or a 
suitable grade of phosphor bronze. 

The joint must be clean for welding. 
A 10% solution of sulfuric acid is effec¬ 
tive if oxides are present. Thicknesses 
up to V« in. need not be beveled, but for 
greater thicknesses beveling as previously 
recommended for steel should be followed. 
Welding is greatly facilitated when the 
work is clamped to a backing of carbon 
or graphite blocks. If this is not prac¬ 
tical, the two sheets may be elevated on a 
piece of metal about the thickness of a 
hack-saw blade so that there is clearance 
between the bottom of the joint and the 
work table. This permits a small amount 
of weld metal to come through to the 
underside, giving a flush joint on that 
side. 

There should be a Vs-in. root opening. 
The welding rod should be about 20% 
larger in diameter than the thickness of 
the metal being welded. Best results are 
obtained at high speeds, always directing 
the arc on the welding rod. For example, 
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better welds will be made at 20 in. per 
min. with 600 amp. than at 7 in.'per min. 
at 200 amperes. 

The arc should be long and the voltage 
high. The distance between the carbon 
electrode and the work should be such as 
to allow the carbon monoxide produced 


the groove should be increased to 1 / »o 
inch. When it is essential that the weld 
metal be copper, a deoxidized-copper 
welding rod is used to furnish the desired 
reinforcement; otherwise phosphor bronze 
or silicon bronze alloys are used because 
of their free-flowing characteristics. No 



Fig. 14 —Welding Galvanized Smoke Stack 


by the arc to combine with the atmos¬ 
phere rather than with the copper to form 
an oxide. I he weld should be made in 
one pass. 

Due to the high heat conductivity of 
topper, preheating may be necessary 
when lower currents are used. This can 
be done by moving the carbon arc rapidly 
over the surface. 

W ith automatic welding, the material 
ls clamped on a grooved carbon or copper 
backing strip. For making butt welds in 
material 16 gage to 7.. in. thick, this 
groove should be 7** in. deep by 7. in. 
wide; with heavier material, the depth of 


flux is used, the joint being kept free of 
foreign material and moisture. The 
welding techniques and speed are com¬ 
parable to those given for mild steel ex- 
(ept that the voltages should be increased 
to 35 or 45 volts depending on the thick¬ 
ness of the material, the higher voltages 
being used for the thicker gages. When 
w elding 7« in. thick and heavier material, 
it is necessary to preheat if the mass of 
the material is such that the heat from 

welding otherwise would be conducted 
away too rapidly. 

One of the extensive uses of the car¬ 
bon-arc with automatic equipment is for 
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welding the end rings and bars on small 
fractional horsepower motor rotors. Fig¬ 
ure 15 illustrates this application. In this 
type of work, automatic welding as com¬ 
pared with manual welding has increased 
production speeds by as much as 50% 
while increasing the power output of the 
motor by 209c. Welding speeds range 
from 18 to 36 in. per min., depending on 
the cross-section of the rotor ring, with 
the current generally around 100 amperes. 



Fig. 15.-—Welding Copper End Rings on 

Motor Rotor 


A small rotor can be welded in approxi¬ 
mately 15 seconds. Preheating to from 
400 to 700° F. is advisable, although not 
always necessary. Automatic welding- 
lias made it possible to greatly simplify 
the manufacture of rotors. 

Procedures for welding silicon bronzes 
vary only slightly from those used in 
welding copper. For butt welding side 
seams of water tanks (Fig. 16), the 


material is clamped in a fixture against 
a grooved copper backing, the groove be¬ 
ing V 32 in. deep by 3 /io in. wide. The 
edges and top and bottom surfaces in the 
weld zone must be absolutely clean of any 
scale or foreign material. 

A flux composed of 90% fused borax 
and 10 % sodium fluoride mixed with 
methyl alcohol is painted on the seam 
prior to welding or may be sprinkled 
lightly on the joint in powered form 
Table 11 gives data for welding copper 
alloys. 

Aluminum and Its Alloys 

Automatic carbon-arc welding may be 
used economically for welding aluminum 
and its alloys where the volume of pro¬ 
duction is large and where pieces to be 
welded are uniform in shape. Welds are 
of high quality with respect to uniformity, 
appearance and physical properties. 

Because of the high current densities 
used and the fast travel speeds, no scarf¬ 
ing or preheating of the base metal is 
necessary in thicknesses from 14 ga. to 
'7• inch. Welds can be made in a single 
pass and the amount of filler metal used 
can be controlled independently of the 
carbon electrode. Thus weld reinforce¬ 
ment is kept to a minimum. 

Successful carbon-arc welding in alu¬ 
minum depends to a large extent on the 
use of weldable alloys. The following 
are the aluminum allovs most commonly 
carbon-arc welded: 2S,~3S, 14S, 24S, 52S, 
53S and 61S. (See Chapter 32 for 
analyses.) 

All joints to be welded should be clean 
and dry with edges butted tightly with¬ 
out root opening for uniform results. 
Root openings up to Vas in. are permis¬ 
sible, but, in general, should not be more 
than \0% of the metal thickness. Tack 
welding prior to final welding is sug¬ 
gested in material 3 /« in. or thicker. The 
tack welds must be flat so high currents 
should be used. End tabs should be 



Table 

11 — Butt Joints For Copper 

Alloys 


Metal 



Electrode 

Welding Rod 

Welding 

Thickness, 


Current, 

Diameter, 

Diameter, 

Speed, 

In. 

Voltage 

Amp. 

In. 

In. 

In./Min. 

'/,o 

24 

130 

V« 

3/32 

24 

•Va* 

24 

150 

'/a 

3 / 33 

20 

Vh 

25 

170 

Vi 

V* 

18 

B /32 

25 

200 

V« 

Vs 

16 


25 

225 

V4 

Vs 

14 
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tacked in place at the ends of the seams 
for starting and finishing the welds. A 
backing strip must be used to secure 
100% penetration, welding from one side 
only in material up to and including 
V* inch. Copper is the best material for 
such backing. The backing strip should 
be grooved, the depth and width of the 
groove varying with the metal thickness 
(see Table 12 for proper groove size). 


hard or half hard, gives better strength 
and reduced tendency to cracking. The 
rod size is increased as the thickness of 
the metal increases and should be selected 
so as to permit feeding it at a slightly 
higher rate than the rate of travel speed. 
The welding rod must be in contact with 
the work and fed directly into the arc. 
The rate of feed controls the amount of 
reinforcement. 



Fig. 16.—Welding Longitudinal Seams of Copper Hot Water Tank 


It is important that the backing strip be 
beld tightly against the under side of the 
seam. This is generally done with clamp* 
spaced at intervals varying with the thick¬ 
ness of the material. Copper or alumi¬ 
num alloy clamps should be used on the 
top or weld side of the seam. If the 
woi k is to be tack welded, however, no 
damps are necessary other than those 
needed to hold the work and to control 
distortion. A dam should be provided in 
<dl cases to prevent the powdered llux 
Horn being blown away by the arc. 

hor welding 2S and 3S aluminum al 
,0 >' s » 2S filler metal is recommended. 
^ elding rod of the 2S type gives best 
ductility in 2S and 3S material. Lor the 
<»ther weldable alloys 43S welding rod. 


1 he flux used in all cases is deposited 
nn the seam in powdered form, about 2 
in. ahead of the electrode. Care should 
he taken to use the proper amount of flux 
as this determines to a large extent the 
outward appearance of the weld, the den¬ 
sity and ductility of the weld, the stability 
of the arc and the elimination of porosity, 
l oo little flux will produce a rough un¬ 
even appearance and the fused flux will 
be hard to remove from the weld. Too 
much flux produces a good appearance 
hut will result in possible porosity at the 
fusion line and reduced ductility. 

I he fused flux will, under normal oper¬ 
ating conditions, be readily removable 
and leave a clean smooth weld. Adher 
mg slag may be removed by scrubbing 



!1 Vb-in. wire = 0.015 lb./ft. or 67 ft./lb. of wire. 

5 /3‘j-in. wire = 0.023 ll>./ft. or 43 ft./lb. of wire. 

3 /io-in. wire = (U»33 Ib./ft. or 30 ft./lb. of wire. 
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with a wire brush and hot water, followed 
by washing in hot 10% sulfuric acid or 
hot 5% nitric acid, and rinsing with hot 
water or steam. 

Current, Voltage and Speed .—The 
proper current for welding is the mini¬ 
mum which will produce continuous com¬ 
plete penetration. Excessive current will 
cause burning through. The proper volt¬ 
age is the minimum which does not inter¬ 
fere with the proper melting of the weld¬ 
ing rod. The travel speed, however, is the 
basic adjustment. All other adjustments 
of current, speed of filler metal feed and 
rate of flux deposit depend on the travel 
speed. The rates of travel speed given in 
Table 12 are conservative. 

The mechanical properties of welds 
made in aluminum and its alloys are 
good. Welds are of sufficient strength in 
types 2S and 3S to cause tension test 
samples to fracture in the heat-affected 
zone near the weld. Tensile strength of 
other types will be in excess of 20,000 
psi., but less than the strength of the an¬ 
nealed parent metal. This is due to the 
composition of the weld and application 
of heat from the welding operation. 

The ductility of the outer fibers, as 
measured by a free-bend test, will vary 
from 10 to 50% on 2S and 3S. Ductility 
on other types is relatively lower, depend¬ 
ing on the alloy type. Welds are free of 
porosity. 

Although most seams in aluminum fab¬ 
rication are made with butt joints, other 
types of joints (lap, edge, corner) can 
also be welded, and where there is suffi¬ 
cient volume, the use of automatic equip¬ 
ment may be advantageous. Figure 17 
shows a typical aluminum fabrication by 
automatic carbon-arc welding. 

Surfacing With Alloyed Powder And 
Carbon-Arc 

A fine-grained alloyed powder can be 
applied with the carbon-arc to obtain a 
hard thin surfacing. Abrasion-resistant 
deposits as thin as 0.025 in. can be made 
and, when properly applied, a hardness of 
approximately Rockwell 54C can be ob¬ 
tained. This hardness will vary some¬ 
what depending on the amount of admix¬ 
ture of alloy and base metal. The alloy 
develops its full hardness in the as-de¬ 
posited condition, maintains its hardness 
and resists scaling at high temperatures. 
The deposit can be softened by annealing. 
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hs corrosion resistance compares favor- exact heat required depends on size of 
ably with stainless steel but it should not work. Enough heat should be used to 
be used where impact is excessive. obtain a free-flowing puddle, but not 

Powder should he spread evenly over enough to penetrate too deeply into the 



Fig. 17.—Wold ing All-Aluminum Tank Car 


the area to he surfaced and to a depth of 
two to three times the desired thickness 
of deposit. Using a sharp, well-tapered 
carbon with straight polarity, the powder 
is fused with a weaving motion. The 


base metal, 
for tin- full 


Whenever possible, weaving 
width of deposit should be 


used to fuse the desired depth in one pass. 
If more than one pass is required, the 
work must he kept hot. 
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CHAPTER 10 


SHIELDED METAL-ARC WELDING, BARE 
METAL-ARC WELDING, IMPREGNATED 

TAPE METAL-ARC WELDING* 


FUNDAMENTALS OF PROCESSES 

Definitions and General Description 

Shielded Metal-Arc Welding. —An arc¬ 
welding process wherein coalescence is 
produced by heating with an electric arc 
between a covered metal electrode and 
the work. Shielding is obtained from 
decomposition of the electrode covering. 
Pressure is not used and filler metal is 
obtained from the electrode. 

Dare Metal-Arc Welding. —An arc¬ 
welding process wherein coalescence is 
produced by heating with an electric arc 
between a bare or lightly coated metal 
electrode and the work and no shielding 
is used. Pressure is not used and filler 
metal is obtained from the electrode. 

Impregnated-Tape Metal-Arc Welding. 
—An arc-welding process wherein 
coalescence is produced by heating with 
an electric arc between a metal electrode 
and the work. Shielding is obtained 
from decomposition of an impregnated 
tape wrapped around the electrode as it 
is fed to the arc. Pressure is not used 
and filler metal is obtained from the 
electrode. 

The basic principles of all three of 
these processes are the same. They 
differ by the manner in which the elec¬ 
trode and shielding, if any, is provided. 
In the application of metal-arc welding, 
the control of the three variables—speed 
of travel, amperage and arc voltage is 
the primary problem. In manual weld¬ 
ing, the welder controls two of them— 

* Prepared by a committee consisting of 
J. B. Arthur, Consolidated Western Steel Corp., 
Chairman; J. J. Chyle, A. O. Smith Corp.; 
A. N. Kugler, Air Reduction Sales Co.; J. R. 
Morrill, The Lincoln Electric Co.; E. E. Tisza, 
Air Reduction Sales Co.; R. F. Wyer, General 
Electric Co. 


arc voltage and speed of travel. In 
semi-automatic arc welding the operator 
controls only speed of travel, and in 
fully automatic arc welding all variables 
are preset, maintained and controlled 
by a suitable mechanism. 

The chemical, mechanical, and elec¬ 
trical variables involved and over which 
the welder has no control in the actual 
welding operation are to a greater or 
lesser degree taken into account in the 
design and manufacture of equipment and 
materials used. 

Principles of Operation 

A general description of the equipment 
used in metal-arc welding will be found 
in Chapter 8. Fundamental considerations 
in the design and manufacture of such 
equipment will become apparent in the 
discussion and explanation of the various 
phenomena involved. The arc develops 
intense heat which melts the metal to be 
welded and forms a molten pool, while 
at the same time the electrode tip melts 
and is carried across the arc into the 
molten pool (see Fig. 1). The usual 
current range for manual operation is 
from 15 to 400 amperes. The voltage 
across the arc ranges from 14 to 24 volts 
with bare or lightly coated electrodes and 
from 20 to 40 volts with the covered 
electrodes. 

Mechanism of Weld Metal Deposition 

In metal-arc weMing a number of 
forces are involved, in varying degrees, 
in the transfer and retention of molten 
filler metal. Among the forces involved 
arc the following: 

1. Vaporization and Condensation. 

The energy available in the arc is suf- 
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ficient to vaporize only a small percentage 
of the total amount of metal passing 
across the arc. However, of that portion 
of the metal at the end of the electrode 
which is vaporized by the intense heat 
of the arc, some is condensed in the pool 
on the work which is at a much lower 
temperature than the electrode tip. 
Some of it escapes to the surrounding 
air and appears as spatter. Most of the 
metal is transferred from the electrode to 
the work with all types of electrodes, in 
all positions, and with both a.c. and d.c. 
power. 
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Fig. 1 —-Schematic Representation of Shielded 

Metal Arc 


2. Gravity .— In transferring metal 
across the arc it does not appear that 
gravity is an important factor. The rate 
of metal transfer across the arc. as 
measured by melting rate of the electrode, 
is practically the same when welding in 
the overhead as when welding in the flat 
or horizontal position. 

rinch k fleet .—The high current 
passing through the molten globule at 
the time of the short circuit results in 
a radial compressive force which tends 
to pinch the molten globule and detach 
it from the electrode. The magnitude 
of this force and the amount of metal 
transfered in this manner are question¬ 
able. 

/. Surface Tension .—This is no doubt 
a very important factor in retaining the 
molten metal in the pool on the work 
However, in transferring the metal across 
the arc gap when no short circuit exists, 
't is difficult to correlate any surface 
tension effects. When a globule short- 
circuits the arc. surface tension draws the 
metal into the molten pool, but such a 
force has no tendency to project any 
particles of metal through space. 

3- (tas Stream from Electrode Cozier- 
*nns .—The velocity and movement of the 
ionized gas stream undoubtedly tends to 
give the small particles in the arc gap 


a movement and velocity in the same 
direction. It is to be noted, however, 
that electrodes with little gas-producing 
constituents in their coatings have arc 
characteristics such that the metal passes 
across the arc gap in the form of nu¬ 
merous small globules which are traveling 
at a considerable velocitv. 


6. Carbon Monoxide Evolution from 
Electrode II ire .—This explanation for 
metal transfer is predicated on the basis 
that carbon monoxide is evolved within 
the metal melting at the electrode tip, 
causing miniature explosions which pro¬ 
ject molten metal away from the electrode. 
1 his theory is supported by the fact that 
neither bare wire electrodes of very high 
purity iron nor of killed steel (which has 
been almost completely deoxidized in cast¬ 
ing) can be used successfully in the over¬ 
head position. In other words, the causes 
of transfer, spatter and crater formation 
«ue attributed to the decarburizing reac¬ 


tion in molten steel. 

7. Pressure on the Cathode Spot .—The 
cathode spot pressure on the molten 
globule of metal at the electrode tip de¬ 
pletes the liquid at this point. This 
depression causes the arc to shift to the 
high point and in turn depresses this in 
the same manner. In this way waves arc- 
produced in the molten metal which finally 
''pki'-h high enough to short-circuit the 
ait. alter which surface tension acts to 
attract metal into the pool. This theory 
does not explain the action of d.c. reverse 
polarity, in which case the cathode spot 
1 > oil the work, nor does it explain the 
condition where substantial amounts of 
Arc not available in the electrode, in 
which case overhead welding could not 
be done. 

Results of work done on the arc phe¬ 
nomena associated with electrodes moving 
at high speed indicate that under condi¬ 
tions of a moving anode system, the forma ¬ 
tion Ot discrete anode spots has been ob¬ 
served. Kach spot formation is ac¬ 
companied by a jet of ionized vapor 
ejected at right angles to the surface and 
accompanied by metal particles and glob¬ 
ules traveling at high velocities. Once 
such an anode jet is started, it remains 
hxed at the starting location and pro¬ 
duces an anode spot. The arc does not 
maintain a steady action, but acts in a 
senes of spurts producing an anode spot 
every time such action occurs. These 
anode spots are small in area, indicating 
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current densities in excess of 50.000 amp. 
per square inch. 

I he frequency of anode spot formation 
is greater than the frequency of globule 
transfer. Anode spot phenomena are 
closely associated with the cathode spot 
phenomena and undoubtedly clarify some 
of the missing explanations in this theory. 
The presence of this jet action has not 
been correlated to fundamental welding 
arc properties as yet. 

8. Gas Pressure in Metal at Electrode 

Tip .—The expansion of gases in the metal 

at the electrode tip is believed to be 

a primary force in the transfer of metal 

across the arc. When these gases and 

vapors are liberated rapidly, they may 

occasionally cause small particles to leave 

the tip of the electrode at a high velocity. 

Another explanation is that they are 

formed below the surface of the molten 

metal and because of the surface tension 

of the liquid the expansion of the gases 

forms bubbles of metal on the tip of the 

wire. 1 he size of the bubbles depends on 

the extent of gas evolution. They may 

burst due to pressure alone or thev mav 

* • 

expand until the arc is short-circuited. 
On bursting, they produce a spray of fine 
particles and on an arc short-circuit, they 
are literally exploded into fine particles by 
the high current passing through the thin 
film. The phenomena described may be 
attributed to impurities contained in the 
wire. From visual observation or high¬ 
speed motion pictures, it is not possible 
to distinguish bubbles from solid drops, 
but the rapidity of formation and disap¬ 
pearance is strong evidence for bubbles. 

A comparison of the electrical per¬ 
formance of bare metal electrodes with 
shielded metal electrodes shows that short 
circuits with bare electrodes are more fre¬ 
quent than with covered wire, and there is 
a longer short-circuit duration with bare 
electrodes than with covered electrodes. 
This may suggest bubble formation and 
also that many bubbles burst without 
touching the work. 

Arc Crater 

The base metal terminal is similar to the 
electrode terminal in that liquefaction and 
volatilization are localized and there is a 
sharp temperature gradient. This heat 
localization produces a depressed area or 
crater. Dimensions of the crater are de¬ 
pendent on temperature, oxidation, surface 


tension, arc voltage and other factors 
affecting fusion. Crater depth during 
welding is a definite indication of penetra¬ 
tion. However, the depth of crater in the 
completed weld is not necessarily in¬ 
dicative of this feature since the crater 
may have been filled or partially filled 
when the arc was broken. 

Weld craters are caused by : 

(a) Expanding gas pressure or elec¬ 
tron stream pressure from the electrode 
tip (arc blast), both of which blow the 
liquid metal toward the crater edges, 
and 

( b) Temperature gradient from maxi¬ 
mum at the center. Surface tension 
varies with temperature, increasing as 
the temperature decreases. These dif¬ 
ferences in surface tension upset the 
equilibrium of the molten metal, causing 
concentric waves of metal to move out 
from the center and solidify on the 
colder edges or at the rim of the crater. 

Meta/lurf/iral Zones 

\\ eld metal is that portion of the base 
and deposited metal which has been melted 
during the welding period. The heat- 
affected zone is that portion of the bast- 
metal which has been metallurgical!) 
changed by the heat of welding. Jt con¬ 
sists of three distinct zones—the over¬ 
heated section next to the weld metal, the 
annealed section and the transition section 
adjacent to the unaffected base metal. 

The mechanical properties and chemical 
composition of each zone, that is, weld 
metal, heat-affected zone and base metal, 
are dependent on the properties of the ba>e 
metal and the welding variables present. 
The ideal weld is one in which the prop¬ 
erties of the weld and weld zones arc 
identical with those of the base metal. 
To this end effort is usually made to have 
the chemical properties of all zones ap¬ 
proximately the same. The mechanical 
properties are somewhat different due to 
metallurgical changes and. of course, 
change with various postheat treatments 
of the structure. Table 1 shows these 
variations as reflected by average hardness 
measurements of a weld specimen with and 
without postheat treatments. 

Arc Stability 

Qualitatively, arc stability refers to the 
tendency of the arc to burn steadily in 
spite of the continually changing conditions 
during the course of welding. 
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This implies a uniform flow of heat to 
the work along with a steady rate of 
metal deposition in the face of transient 
forces tending to alter circuit conditions, 
to extinguish the arc or to deflect it in¬ 
to space. 

Quantitative study of arc stability is 
limited in positive results as yet; how¬ 
ever, a distinct relationship between root 
mean square deviations in arc current 
and voltage and the average values of arc 
current and voltage, as well as a distinct 
relationship between short-circuit occur¬ 
rences and average values of arc current 
and voltage, are indicated. 

1. Electrical Effects .—The electrical 
load during arc welding is continually 
varying because the electric circuit is 
periodically shorted. In order to sta¬ 
bilize the arc, it is necessary that the 
welding machine voltage should rise very 
quickly when the current decreases, and 
conversely, drop quickly when the cur¬ 
rent increases. It is not sufficient that the 
voltage change should be large, but it 
must also respond quickly since the elec¬ 
trical circuit is periodically shorted dur 
ing metal-arc welding. This condition 
occurs in several ways, such as by touch¬ 
ing the electrode to the work in order to 
strike the arc, by accidentally shorting out 
the arc, and by globules of metal being 
transferred, actually bridging the gap be¬ 
tween electrode and work. In every in¬ 
stance where there is a short circuit, the 
voltage drops almost to zero. As the 
short circuit is cleared, the full arc volt¬ 
age is required practically instantaneously 
to keep the arc going and to avoid 
nuts. 


Table 1— Hardness of Different Regions in 
W®ld Zone SAE 1040 Steel, Medium-Carbon 
Electrodes O. 20 ( c, C (Rockwell) 


Pre¬ 

heated 

A n - 
nealed 

Ra-.c 

Metal 

Heat- 
Af¬ 
fect eel 

Zone 

Weld 

Metal 

No 

, No 

03 R „ 

24 R c 

34 R c 

No 

1350°F 

03 R n 

95 R i, 

07 R b 

ft00°F. 

No 

03 R u 

07 R h 

84 R |, 

600° F. 

14. r >0 c F 

03 R |, 

03 R,, 

82 R b 


Because of the above facts, it is essential 
that a drooping volt-ampere characteristic 
be used in order to limit the short-circuit 
current. I he static volt-ampere charac¬ 
teristics have very little to do with the 


performance of the welding machine, but 
they show the range of possible current 
adjustment and show the change in open- 
circuit voltage for any current setting. 
Modern single operator d.c. welding ma¬ 
chines have two general types of volt- 
ampere characteristics. Compound-wound 
d.c. generators have a series and/or shunt 
field control. Changing the shunt field 
control raises or lowers the open-circuit 
voltage and results in a group of essen¬ 
tially parallel volt-ampere curves. Change 
in the series field control does not affect 
the open-circuit voltage, but results in a 
group of volt-ampere curves having vari¬ 
ous slopes, all of which have the same 
open-circuit voltage. 

The cross-field generator type of d.c. 
welding machine produces a group of volt- 
ampere curves, with different slopes with¬ 
out a great change in the open-circuit 
voltage. 

Transformer and constant potential 
welding machines develop a series of vary¬ 
ing slope volt-ampere curves, all of which 
originate from an approximately constant 
open-circuit voltage. 

With manual welding it is impossible 
tor the welder to hold a constant arc 
length. Varying arc lengths cause arc 
voltage to vary and in turn produce cor¬ 
responding changes in welding current. 

1 he greater the slope of the volt-ampere 
curve within the welding range, the lower 
the current change is for a given voltage 
change. A steep characteristic produces 
small current changes for a given arc 
voltage change. Welding machines with 
this characteristic are known as constant 
current machines. A flat characteristic 
produces a large current change for a 
given change in arc voltage. If the 
>lope is such that the product of current 
and voltage is constant for a given setting, 
the machine is known as a constant energy 
machine. Tests made on electrodes in¬ 
dicate that under normal welding con¬ 
ditions the melting rate is directly 
proportional to the current and almost in¬ 
dependent of arc voltage. (See Fig 2 
which shows this graphically.) Taking 
this into account, it can be said that in 
many welding operations it is desirable to 
maintain a constant current in order to 
obtain maximum welding speed and 
quality; therefore, in such cases a steep 
volt-ampere characteristic is desirable. 

In other cases, a flat volt-ampere charac¬ 
teristic might be desirable so that the 
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welder can control welding current within 
small limits by varying arc voltage con¬ 
ditions surrounding the welding opera¬ 
tions. However, fundamental research 
on the nature of the arc and tests on 
various types of arc-welding machines 
show that the adjustment of the open- 
circuit voltage has no effect on the depo¬ 
sition rate or on the penetration. 

In all cases it is important, in order to 
maintain an arc, that the available im¬ 
pressed voltage (open-circuit voltage) be 
higher than any voltages which might 
occur in welding operations. There is 
some question regarding the effect of 
open-circuit voltage on the ease of strik¬ 
ing an arc. Ordinarily, the open-circuit 
voltage is not high enough to automati¬ 
cally establish the arc; therefore, the arc 


Probably in a majority of all cases, the 
act of striking the arc breaks through 
the surface impurities so that small points 
of clean metal are exposed. 

Actually, the volt-ampere character¬ 
istics of the welding machine during 
periods of metal transfer do not follow the 
static curves shown in Fig. 3. The actual 
volt-ampere characteristic is more nearly 
represented by Fig. 4. Depending on the 
welding machine and the circuits, the in¬ 
stantaneous voltage during arcing and 
short-circuiting may vary from lines 1 to 
o to lines 2 to 3, respectively. Instan¬ 
taneous current values may vary from 
points 1 to 3 or 6 to 4. Some overshoot¬ 
ing or undershooting may also occur on 
variable voltage d.c. machines. 

Constant potential d.c. and a.c. welding 



Fig. 2.—Effect of Current and Voltage on Electrode Melting Rate 


must be struck by first touching the elec¬ 
trode to the work (short circuit) and then 
withdrawing it. If this time is appre¬ 
ciably long, the arc is actually established 
from short-circuit conditions rather than 
from open-circuit conditions. 

The difference in open-circuit voltages 
normally used will probably have no effect 
in the case where the base material is 
covered with an insulating foreign mate¬ 
rial unless such material is extremely thin, 
in which case its resistance will be broken 
down. If there is a moderately high re¬ 
sistance, the current flowing at the instant 
of contact will be pronortional to the 
open-circuit voltage. Higher currents 
produce greater amounts of ionization, 
which in turn assist in establishing the arc. 


machines have no undershoot or overshoot. 
Extremely high overshoot currents, - as 
represented by point 4, have a tendency to 
increase spatter loss and low undershoot, 
as represented by point 6, may cause 
the arc to become extinguished under cer¬ 
tain conditions. The magnitude of this un¬ 
dershoot and overshoot depends on d.c. ma¬ 
chine design. The transient volt-ampere 
characteristic of constant potential and a.c. 
machines would be represented by rec¬ 
tangle 1-2-3-5-1. 

2. Arc Blow .—Magnetic force* acting 
on the welding arc and causing the phe¬ 
nomenon known as arc blow are a result 
of the asymmetric magnetic field induced 
by and surrounding the path of the weld¬ 
ing current. The distortion of this mag- 
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Fig. 3.—Typical Static Volt-Ampero Curves for Arc-Welding 

Machines 

Curve* ‘•how effect of variation in slope. 


netic field is caused by three factors, two 
of which are common to both a.c. and d.c. 
welding. 

(a) Asymmetric Position of Mag¬ 
netic Material about the sire .— The re¬ 
sultant force on the arc acts toward the 
best magnetic path or the nearer of 
two good magnetic paths and is inde¬ 
pendent of electrode polarity. I he posi¬ 
tion ot the best magnetic path with re¬ 
spect to the arc will change as welding 
progresses; consequently, the intensity 
and direction of the force will change. 


Causes for the change of the best mag¬ 
netic path are: (1) A change in posi¬ 
tion of the arc and electrode with re¬ 
spect to the work as welding progresses 
along the joint; (2) the amount of weld 
metal deposited and the size of the air 
gap produced by the root or joint open¬ 
ing; and (3) the presence of metal in 
the vicinity of the arc heated above 
the temperature at which it becomes 
non-magnetic. 

(b) Abrupt Change in Direction of 
II 'elding Current. —The current will 
take the easiest path, but not necessarily 
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the most direct path through the work 
to the ground connection. The result¬ 
ant force is opposite in direction to the 
current path away from the arc and is 
independent of polarity. In determin¬ 
ing the location of the ground connec¬ 
tion, care must be exercised in deter¬ 
mining the actual path of the current 
through the work to the ground. 

(c') Eddy Currents Induced by A.C. 
in the W ork. —Eddy currents tend to 
neutralize arc forces produced by the 
previously mentioned cases. They gen¬ 
erally tend toward a central distribu¬ 
tion about the non-magnetic region of 
the heated metal behind the arc. The 
resultant force on the arc acts in the 
direction of welding under closed seam 
conditions. When welding on an open 
seam, between two good magnetic paths 
across the seam, the force is toward the 
nearer path. The greatest force on 
the arc is caused by variations in re¬ 
luctance of the magnetic field around 
the arc. The location of the ground 
is of secondary importance, but may 
have an appreciable effect in reducing 
the total force on the arc. The total 
force on the arc may be reversed by 
change in ground location only when the 
reluctance of the magnetic path about 
the arc is fairly symmetrical. Magnetic 
forces acting on the arc may also be 
modified by: (1) Changing magnetic 


to tlie welding current. The conditions 
which affect the forces acting on the 
arc vary so widely that it is impossible 
to make general recommendations for 
reducing or controlling these forces. 

3. Filler Metal Composition Effects .— 
In any metal-arc welding process, the 
chemical composition of the filler metal 
core wire plays an important role in arc 
stability and affects the mechanical prop¬ 
erties of the weld metal. In bare metal 
electrodes, the composition of the wire is 
a major factor in determining arc stability. 
This is in contrast to lightly coated or 
covered electrodes in which arc stability 
is affected by the chemical and physical 
constitution of the coating. Arc stability 
is materially affected by the presence of 
certain elements or their oxides. Table 
2 shows this in tabulated form. 

Of course, the chemical composition of 
the filler metal also has a large effect on 
weld quality. Coatings used on electrodes 
provide an ionized path for the current 
and increase the fluidity of the molten 
metal. Metallurgical^ speaking, while it 
is of lesser importance, it is nevertheless 
essential that the core wire be of normal¬ 
ized grain structure, as the specific elec¬ 
trical resistance of mild steel in this con- 


Table 2—Function of the Covering Constituents 

in Arc-Welding Electrodes 


Covering 

Constituent 

Arc 

Stabi¬ 

lizer 

Slag 

Former 

Reduc¬ 

ing 

Agent 

Binder 

Coating 

Strength- 

ener 

Oxidiz¬ 

ing 

Agent 

Gas 

Shield¬ 

ing 

Alloy¬ 

ing 

Weld 

Metal 

Gum and/or resin 

• • 

• • 

B a 

A 


• • 


• • 

Cellulose 

• • 

• • 

B 

• • 

B 

• • 

A 

• 

Feldspar (alkali alumi¬ 









num silicates) 

B 

A 

• • 

• • 

• • 

• • 

• 

• 

Clay aluminum silicates 

B 

A 

• • 

• • 

• • 

• • 

• • 

- • 

Talcs (magnesium sili¬ 





• 




cates) 

B 

A 

• • 

• • 

• • 

• • 


• • 

Titanates (rutile, tita¬ 









nium dioxide, etc.) 

A 

A 

• • 

9 # 

• • 

• • 

A 

• • 

• • 

Iron oxides 

B 

A 

• • 

• • 

• • 

A 

• • 

• • 

Calcium carbonates 

A 

B 

• • 

• • 

• • 

B 

B 

• • 

Asbestos 

B 

A 

• • 

• • 

A 

0 0 

• • 

• • 

n 

Ferromanganese 

• . 

A 

A 

• • 

• • 


• • 

B 

Potassium silicates or 









potassium salt 

A 

A 

• • 

A 

• • 

• • 

• • 


Sodium silicates 

B 

A 

• • 

A 

• • 

• • 


• • 


a A = principal function; B = minor function. 


fields across the joint with steel strips, 
starting plates, tack welds, welding se¬ 
quence, etc.; and (2) use of an external 
field such as produced by a permanent 
magnet, electromagnet, etc. An ex¬ 
ternal field of the latter type is not effec¬ 
tive when welding with a.c. unless such 
field is produced by an a.c. source of the 
same frequency as the welding current 
and with the proper phase relationship 


dition is most suitable for arc-welding 
purposes. Lack of uniformity of the final 
heat treatment of the core wire is often 
responsible for the erratic behavior of 
electrodes. 

4. Base Metal Effects. —The surface 
cleanliness and homogeneity of the base 
metal are important considerations _ in 
metal arc stability as well as determining 
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factors in the properties of the finished 
weld. 

Arc Voltage and Arc Length 

In metal-arc welding, the arc is a gase¬ 
ous conductor of electricity. It is not 
primarily self-starting and if extinguished 
must be re-established. Furthermore, 
several factors are essential for its con¬ 
tinuity—ionization, molten slag (if present 
in the covering of the electrode), cathode 
spot and a method of feeding the electrode 
constantly in order to maintain the re¬ 
quired distance between cathode and 
anode. 

In the arc, there are three well-defined 
voltage zones known as the cathode drop, 
the anode drop at the terminals and the 
arc stream voltage. The heat dissipated 
in each voltage zone is proportional to 
the voltage. The cathode and anode drops 
are practically constant and are independ¬ 
ent of arc length and current. The volt¬ 
age across the stream varies with arc 
length but nut in direct proportion thereto. 

In order to reduce oxidation and po¬ 
rosity to a minimum, it is generally de¬ 
sirable to maintain a relatively short art 
for the process being used. A long arc 
is erratic and is also inefficient as it in¬ 
creases spatter loss. A very short arc is 
impractical. The length of arc used is 
dependent on the type of coating in the 
case of covered electrodes. 

Striking, Maintaining and Breaking the 

Arc 

A metal arc is struck by touching the 
work with the electrode and quickly with¬ 
drawing the electrode a distance not ex¬ 
ceeding that required for maintenance 
under welding conditions. When a metal 
arc is struck, there is a tendency for the 
electrode to frcccc or stick to the work 
ilue to a sudden rush of current induced 
by short-circuiting of the machine. This 
tendency is very pronounced in manual 
bare metal-arc welding, and it is desirable 
when this process is used to employ a 
lateral motion to strike the arc, similar to 
that of striking a match. 

Contact electrodes, in which the coat¬ 
ing is an electrical conductor, are normally 
struck by holding them in contact with the 
work. The small amount of current 
which flows through the coating when 
contact is made is sufficient to start an 
arc. Arc length is held essentially con¬ 
stant by maintaining this contact with the 


work. Since the coating has a lower 
melting rate than the core wire, a deep 
cup is formed which prevents freezing of 
the electrode and shields the arc. 

\\ ith some types of electrode (mainly 
classes AWS E6020 and AWS E6030 
and aluminum-coated rods) it is neces¬ 
sary when striking the arc to forcibly re¬ 
move the projecting covering on the elec¬ 
trode tip by tapping it strongly on the 
work. 

After a metal arc has been struck, it is 
maintained by a uniform movement of the 
electrode toward the work to progres¬ 
sively compensate for that portion which 
has been melted and deposited in the weld. 
At the same time, the electrode is also pro¬ 
gressively advanced in the direction of 
welding. 

1 wo procedures are commonly em¬ 
ployed to break the arc. One procedure 
requires that the arc be shortened and the 
electrode moved quickly sideways out of 
the crater. This method is used in manual 
welding when electrodes are changed and 
the weld is to he continued from the 
crater. I he other procedure requires that 
the electrode be held stationary long 
enough to fill the crater and then gradu¬ 
ally withdrawn. This method is used in 
manual, semiautomatic, and automatic 
welding when either full or partial crater 
elimination is desired. 

When the arc is re-established in a 
crater, as in the first method above, it 
should be struck at the forward or cold 
end of the crater, moved backward over 
the crater, and then forward again to 
continue the weld. This procedure fills 
the crater and avoids porosity and trap¬ 
ping of slag. 

Speed of Welding 

Speed of wielding is defined as the ve¬ 
locity of travel of the electrode along the 
seam or the velocity of travel of work 
under the electrode along the seam. 
Speed of welding is dependent on several 
factors including : 

(a) Current used or burn-off rate 
of the electrode. 

(b) Joint preparation. 

(c) Analysis and properties of metal 
being welded. 

(d) Fit-up. 

(e) Process used. 

Some general statements can be made 
regarding speed of travel. Increasing 
speed of travel and maintaining constant 
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arc voltage and current will reduce the 
width of bead. Increasing the speed of 
travel and maintaining conditions as above 
will increase penetration until an optimum 
speed is reached at which penetration will 
be maximum; increasing the speed beyond 
this optimum will result in decreased pene¬ 
tration. Actually, the limiting speed is 
usually the highest speed at which the 
surface appearance remains satisfactory. 
The speed of welding and the rate of heat 
input affect the structure and hardness 
of the weld. All other things being equal 
(mass of base metal, temperature, amount 
of weld metal deposited in unit time, etc.), 
a bead deposited at high speed produces a 
greater hardening than one deposited at 
low speed with a consequently higher heat 
input per unit length of joint. 

It is to be noted that time for welding 
is the sum of arc time, plus handling time, 
plus losses due to inefficiency. In other 
words, it is the arc speed (speed of travel 
for complete joint) divided by the weld¬ 
ing efficiency (operating factor) and is 
in no sense absolute. (See Chapter 41 for 
information on estimating costs.) 


electrode and the work taken in a plane 
normal to the joint plane (see Fig. 5). 
Increasing the lead angle in the direction 
of welding ordinarily builds up a bead. 
Too large a work angle may result in 
undercutting. 

Joint Preparation 

Joint geometry is determined by code 
and specification requirements for the fin¬ 
ished product; design considerations as 
above and in line with quality and eco¬ 
nomics ; and post-treatment of the weld¬ 
ment. 

The method of joint preparation can be 
one of the following: machining, chip¬ 
ping, shearing, oxygen (oxy-acetylene or 
oxy-fuel gas combination) cutting, grind¬ 
ing or flame gouging. The method to be 
used depends on joint shape, facilities 
available, quality desired, etc. (Chapters 
39 and 40 cover design and properties of 
welded joints). 

General Design Practices 

The ease with which component parts 



WORK 



Fig. 5.-—Electrode Work Angle and Lead Angle 


Angularity of Electrode to Work 

The angular position of the electrode 
to the work may determine to a marked 
degree the quality of the weld metal, free¬ 
dom from undercutting and slag inclusions, 
the ease with which the filler metal is de¬ 
posited and the uniformity of fusion and 
weld contour as affected by the influence 
of surface tension and gravity on the 
molten metal. Recommendations of manu¬ 
facturers should be followed in all cases. 

The lead angle of the electrode is the 
angle between the joint and the electrode 
taken in a longitudinal plane, whereas 
the zoork angle is the angle between the 


can be joined together by welding to form 
a complete structure often causes the de¬ 
signer to lose sight of the economies of 
welding. A good design is one that con¬ 
tains the least number of parts and the 
minimum amount of welding that is ade¬ 
quate for fabrication and service require¬ 
ments. A careful analysis should be made 
of each structure to insure that it can be 
fabricated economically. Materials hav¬ 
ing satisfactory weldability should be used. 
Welds must be designed, located and made 
to keep distortion within acceptable limits. 
Rigid joints should be avoided as much 
as possible consistent with tolerances for 
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distortion to help prevent cracking during 
fabrication or in service. 

The following factors should be con¬ 
sidered in the design : 

(a) A minimum amount of welding, 
consistent with the stresses in all com¬ 
ponent parts, should be used except in 
those cases where leakproof welds, mini¬ 
mum fillet size requirements, appearance 
or machining stresses determine the 
amount of welding required. 

(b) Welds should be easily acces¬ 
sible for manufacturing, repair and test¬ 
ing with minimum handling. Correct 
electrode angles, physical dimensions 
conforming to the use of standard length 
electrodes and electrode holders for 
manual welding, or room for electrode 
leads and contact nozzles for automatic 
welding must be considered in provid¬ 
ing accessibility. 

(c) The position in which welds will 
be made should have the following order 
of preference: Hat. horizontal, vertical 
and overhead for fillet welds and flat, 
vertical, horizontal and overhead for 
groove welds. 

(d) Joints should be designed so as 
to minimize, in so far as reasonably 
possible, stresses due to shrinkage, sec¬ 
ondary bending and eccentricity. 

(c ) Machining allowances must take 
into consideration the following factor** : 
Assembling : shrinkage due to welding : 
distortion of base metal ; and variations 
(mill tolerances, «*tc. ) of rolled sections. 

( f ) Size of fillet welds should be 
held to 7 M in. or less whenever possible 
m order to facilitate making welds in 
a single pass, thus reducing welding 
costs. 

fo) It is considered good practice 
to limit the minimum size fillet weld 
that can be used on a given thickness 
of plate. 

Materials Used in Metal-Arc"Welding 

Electrodes. —In metal-arc welding the 
electrodes used for supplying filler metal 
can be : 

Bare wire: 

( oating applied before drawing 
< sul-coated or Mil-finished ). 

Coating applied after drawing 
No coating of any kind. 

Heaw covered mild steel electrodes : 
Cellulosic covering type. 

Rutile covering type 
Mineral covering type. 

Lime covering type 
Low-hydrogen covering type 
Knurled heavily covered type 
Bare wire with impregnated tape at¬ 
tached. 


Complete classification and specifica¬ 
tions for electrodes are covered in chapters 
38 and 61. 

General Effect of Use of Metal-Arc 
Welding on Base Metal 

Tables 3 and 4 contain more concise 
tabulations of the effects discussed herein. 

/1 arping—Distortion 

Distortion due to metal-arc welding 
can be controlled and reduced to a mini¬ 
mum by : 

Use of automatic metal-arc welding 
with the attendant higher speed, greater 
deposition rate and minimum number 
of starts and stops. 

Preheating. 

Pre-springing or initial reverse dis¬ 
tortion produced by mechanically set¬ 
ting or bending a part in an opposite di¬ 
rection to which war >age is expected 
>o that the effect of we ding is to restore 
the part to its desired shape. 

Strong-baebs, hold-downs or jig 
methods. 

Drum-heading by which boundaries 
of the weldment are held in a perma¬ 
nent or temporary restraint. 

V ack welding. 

Design. 

elding sequence using either 
wandering, balanced chain or other se¬ 
quence of welding as applied to assembly 
sequence of complete weldment. 

It distortion has occurred, corrective 

measures which may be applied arc: 

Alternate heating and cooling of af¬ 
fected locations. 

Hammering, press work or other me¬ 
chanical correction. 

Shrink welding in which heat is sup¬ 
plied bv running weld beads on the con¬ 
vex side of the buckled area 

Mechanical correction and additional 
welding of auxiliary members to re¬ 
tain such correction. 

Shrinkage 

Shrinkage of the weld and base metal 
can be controlled and reduced to a mini¬ 
mum in non-preheated weldments by : 

Reduced root opening. 

Use of a minimum amount of welding. 
Use of welds of smallest sirr which 
will still give a product fulfilling all 
requirements. 

Use of the minimum number of lovers 

required to satisfy weld nropertip« 

Maximum use of intermittent icefdino 

Peening of all except root and face 
passes. 
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Vroper selection of welding sequence. 

Due to the variables involved, it is im¬ 
possible to predict or establish shrinkage 
values for metal-arc welds which can be 
applied to all types of products and ma¬ 
terials. This is a matter of general ex¬ 
perience. 

Residual Stress Formation 

Residual stresses cannot be entirely 
avoided and as these stresses may exceed 
the yield strengths of base and weld metal, 
it is sometimes desirable to use preheat¬ 
ing or stress-relieving methods as covered 
in Chapter 43. These methods are defi¬ 
nitely required if the finished weldment 
requires machining to close tolerances. 

Metallurgical Effects 

Adverse metallurgical effects can be 
controlled, minimized or corrected by pre¬ 
heat, thermal post-treatment and use of 
correct electrodes as, for example, high- 
chromium stabilized electrodes for 
medium-chromium stainless applications. 

Weld Quality 

The common defects encountered in 
metal-arc welding and their detection by 
various inspection methods are discussed 
in Chapter 42. Inspection of Welding. 

EQUIPMENT USED 

The machines and other equipment used 
for the arc-welding processes are dis¬ 
cussed in detail in Chapter 8. This sec¬ 
tion contains a brief summary of the 
equipment generally used. 

Manual Welding Equipment 

In addition to a source of welding power 
(a.c. transformer, d.c. generator, a.c. gen¬ 
erator or a.c. rectifier) the following ad¬ 
ditional equipment is used: 

Welding machine accessories such as 
oscillators, voltage-protective devices, 
crater eliminators, remote control devices, 
generator- or motor-idling devices, re¬ 
sistor banks, etc. 

Work-Handling Equipment. 

Auxiliary equipment such as cables, 
cable connectors, electrode holders, ground 
connectors, helmets, hand shields, pro¬ 


tective clothing, chipping and slag-re¬ 
moval hammers, weld gages, brushes, etc. 

Machine Welding Equipment 

In addition to a welding head it is nec- 
esarry for machine arc welding to provide 
suitable work handling equipment, which 
may be classified as follows: (1) equip¬ 
ment in which the work is held stationary 
and the electrode moves over it, and (2) 
equipment in which the work moves under 
a stationary head. 

In designing, building or purchasing 
work-handling equipment for automatic 
metal-arc welding, the following points 
must be taken into consideration : 

(a) The fabricated product to be 
automatically welded must first have 
been welded successfully manually. 

(b) Parts to be welded must be posi¬ 
tioned so that welds are made in flat 
or horizontal positions. (Some weld¬ 
ing in the vertical position has been 
accomplished, but this is extremely un¬ 
usual.) 

( c ) Fit-up between parts to be welded 
must be uniform and close. 

(d) It is desirable that all seams 
be straight whether flat or circular. 

(>) Some method of backing up 
the joint must be provided, if required. 

(/) Straight seams (or electrode 
aligning mechanisms if used) must be 
held exactly parallel to the direction of 
motion. 

(<7) Circular seams must be re¬ 
volved in a true circle without wobble. 

(//) Speed of travel of moving parts 
must be steady and adjustable over a 
suitable welding speed range. 

(i) Production capacity required. 

(/) Maintenance costs of the equip¬ 
ment. 

( k ) Initial purchase or cost price. 

Standard work-handling equipment for 
automatic metal-arc welding consists of 
the following items. These can be adapted 
at times for quite a diversified line of 
work. In other cases specially designed 
equipment is required. 

(a) Work-holding positioners. 

( b) Head-travel carriages. 

( c ) Head-mounting pedestals. 

(d) Turning rolls. 

(e) Portable power units such as 
pipe rotators, etc. 

(/) Work skids equipped with hold¬ 
downs, air jacks, etc. 
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WELDING PROCESSES 


COMMON APPLICATIONS 

Materials 

All ferrous metals, such as cast-iron, 
low-carbon, medium-carbon, high-carbon, 
low-alloy high-tensile, stainless, corrosion- 
resistant and copper-bearing steels can be 
welded by metal-arc welding. 

Aluminum, bronze, nickel, nickel alloys, 
and copper alloys can. in general, all be 
welded satisfactorily by metal-arc welding. 
1" or information on any specific material 
refer to the chapter on that material. 

Fields or Industries 

There is literally almost no field in 


which metal-arc welding is not used. 
Listed below, however, are the main fields. 
(For more information on any specific 
application refer to the chapter on that 
application.) 

Structural Fabrication— bridges, build¬ 
ings, etc. 

T ransportation—shipbuilding, aircraft, 
railroads, automotive products. 

Pressure Vessels. 

Pipe and Pipe Fittings. 

Tanks—storage, pressure, process. 

Home Appliances. 

Machinery Fabrication. 
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CHAPTER 11 


ATOMIC HYDROGEN WELDING* 


FUNDAMENTALS OF PROCESS 


Definition and General Description 

Atomic hydrogen welding is an arc¬ 
welding process wherein coalescence is 
produced by heating with an electric arc 
maintained between two metal electrodes 
in an atmosphere of hydrogen. Shielding 
is obtained from the hydrogen. Pres¬ 
sure may or may not be used and filler 
metal may or may not be used. 

In this process the arc is maintained 
entirely independent of the work or parts 
being welded, differing in this respect 
from most other arc-welding processes. 
The work does become a part of the elec¬ 
trical circuit to the extent that a portion 
of the arc comes in contact with the work 
at which time a voltage exists between 
the work and each electrode. 

Hydrogen in its normal state, called 
molecular hydrogen to distinguish it from 
atomic hydrogen, is diatomic, that is, each 
molecule consists of two atoms. When 
an arc is established in hydrogen between 
two electrodes, usually tungsten, the 
temperature in the arc stream rises to ap¬ 
proximately 11,000° F. (6000° G). dis¬ 
sociating the molecular hydrogen into its 
atomic form. In the process of dissocia¬ 
tion a large amount of heat is absorbed 
from the arc and is liberated on recombi¬ 
nation at the surface of the work. 

for a clear understanding of the atomic 
hydrogen process, three points must be 
kept in mind. First, the energy used for 
welding is supplied as kilowatts of elec¬ 
trical energy to the arc where it is trans¬ 
formed into heat at a temperature of ap¬ 
proximately 11,000° F. Second, the 

• - an arc in hydrogen pro¬ 

vides a temperature sufficiently high to 


r..i^ re PH re ^ k- v a committee consisting of J. 
Catlett, General Electric Co., Chairman; ll 

Cherry-B xsttcW Corp ; W C. Heal 
^ lrc raft Corpj \V Morgenthau, Cla 
Equipment Co.; R. F. Wyer. General Elect, 


cause molecular hydrogen to he rapidly 
transformed to atomic hydrogen, in which 
state its principal function is as a vehicle 
for transmitting the heat energy from the 
arc to the weld zone. Third, in the direc¬ 
tion away from the arc stream, a sudden 
decrease in the temperature, such a** 
occurs at the relatively cold surface of 
the weld area, is accompanied by a cor¬ 
respondingly rapid decrease in the con¬ 
centration of atomic hydrogen, and a re¬ 
lease of the heat of recombination at or 
near the cold surface. Thus, it can he 
seen that by varying the distance between 
the arc stream and the weld surface, the 
available temperature can be varied over 
a wide range. 

The hydrogen performs several other 
useful functions. It is a very efficient 
cooling medium and, by absorbing a large 
amount of the heat being conducted along 
the electrodes from their arcing ends, 
which are molten, keeps the temperature 
of the remainder below the melting point. 
It also prevents air from coming in con¬ 
tact with the heated electrodes, which 
would cause them to be oxidized and 
rapidly consumed. In the same way. it 
protects the molten pool and the heated 
metal adjacent to it, reducing the tend¬ 
ency to surface oxidation after the weld is 
completed. 

Principles of Operation 

The amount of heat available for weld¬ 
ing depends both on the welding current 
and the size of the fan-shaped arc. The 
welding current is selected before the 
weld is started, but the size of the fan¬ 
shaped arc and its distance from the weld 
surface may be varied during welding to 
obtain different degrees of heat. The 
welder must learn to keep the arc size 
uniform except where conditions warrant 
a change. When finishing a weld it is 
desirable to reduce the heat by drawing 
the arc away from the molten pool 
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slowly. This reduces the tendency to 
form a crater or to leave a porous spot, 
as its purpose is to prolong the molten 
condition of the surface, thus allowing 
gases, which might otherwise be trapped, 
to escape as solidification progresses up¬ 
ward. At times it may be necessary to 
employ the silent arc to effect a similar 
result. (A low voltage arc described on 
page 258.) A similar technique may be 
followed at any point in the welding 
where difficulties arise due to inaccurate 
spacing or improper manipulation. 

Under the atomic hydrogen arc the 
molten pool is extremely fluid and must 
be fully confined to prevent movement 
under gravitational force. Such confine¬ 
ment by a special means usually is not 
practicable. In very unusual cases, dams 
of graphite, refractory material or copper 
may be used. Of these, graphite is to be 
preferred as it does not disintegrate as 
rapidly as bonded refractory materials, 
nor does it have the rapid chilling effect 
of copper which is likely to cause porosity 
due to entrapped gases. 

The most satisfactory procedure is to 
confine the molten pool in a vessel or 
pocket formed by the adjacent solid 
metal, aided by the surface tension of the 
liquid metal. It is obvious that if com¬ 
plete penetration is to be secured, the bot¬ 
tom of this pocket cannot remain un¬ 
melted. If not too deep, the molten pool 
may be sustained by the surface tension 
of its bottom surface. The depth of the 
pool which can be thus sustained is about 
3 /18 in. and, in the case of butt welds, 
determines the maximum thickness which 
can be welded with complete penetration 
without beveling or without sustaining 
the pool by some sort of backing such as 
previously mentioned. If the edges are 
beveled, care should be taken to leave a 
root-face not exceeding V* inch. Welding 
may be done in two or more passes or in 
a single pass by manipulating the arc so 
that the root face is welded and solidified 
before it is used to support the weight 
of the added metal. Filler metal is added 
to fill the groove and to build up any re¬ 
inforcing bead. 

Though frequently impracticable, it is 
always desirable to shield the underside 
of the weld with hydrogen for the time 
oxidizing temperatures prevail, or coat it 
with a suitable welding flux. This is 
particularly true in the welding of stain¬ 


less steels and other alloys containing a 
constituent which otherwise would cause 
a thick crust of oxide to form, reducing 
effective penetration and the efficacy of 
the surface tension in supporting the 
liquid metal above. One method of using 
hydrogen for this purpose is to provide 
a welding fixture containing a groove 
spanning the weld zone, and wide and 
deep enough to avoid contact with the 
liquid metal (see Fig. 1). Hydrogen fed 
into this groove at a very low pressure 
will prevent oxidation and in many 
cases will reduce oxides already present. 



Fig. 1.—Method of Shielding Underside of 

Weld with Hydrogen 


In the selection of welding current, 
consideration must be given to the re¬ 
quirements of the weld and to the exper¬ 
ience or ability of the welders. If the 
weld is long and the parts not very se¬ 
curely held, or the requirements for 
finished appearance exacting, lower cur¬ 
rent values must be used. As the experi¬ 
ence and ability of the welders increase, 
higher currents are permissible. Table 
1 is a guide to the selection of the proper 
values of current as well as electrode ex¬ 
tensions. 

While the greatest concentration of 
heat on the seam occurs when the arc fan 
is vertical and in line with the seam, 
better heat distribution in the metal ad¬ 
joining the weld is obtained with the arc 
fan at an angle to the seam. This angle 
varies from practically zero for material 
less than 7io in. thick to about 30° for 
material over 3 / 8 in. thick. To increase 
the ease of manipulation when filler metal 
is to be added, the arc fan is frequently 
inclined slightly from the vertical and 
away from the side from which the filler 

metal is to be inserted. 

Although welded joints can be made in 
the vertical or overhead positions with 
this process, the welding operation is per- 
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formed so much easier and faster in the 
flat position that it usually is desirable to 
arrange to position each joint for flat 
position welding if possible. The atomic- 
hydrogen arc renders the molten weld 
metal so fluid that it runs out of vertical 
or overhead joints unless the pool is kept 
quite small and the arc removed to let 
the weld metal chill at very frequent in¬ 
tervals. Vertical or overhead welding of 
heavy sections is difficult, if not impos¬ 
sible. The welding of all of the usual 
types of joint is readily accomplished 
manually. Machine welding of other tlr.n 
butt joints is seldom if ever done. Refer¬ 
ences below to other than butt joints are 
for manual welding. 

Welds in edge joints are the easiest to 
make with the atomic-hydrogen welding 
process. The arc fan is held nearly par¬ 
allel with the seam, and practically ver¬ 
tical. Penetration is satisfactory when 
the molten pool flows to the outer edges 
of the plate and is well rounded. The 
welders should learn to use this action 
of the molten metal as a guide in welding 
edge joints. 

Corner joints are quite similar to edge 
joints and are almost as easy to make. 
Satisfactory penetration is judged in 
about the same way, that is, the width 
of the weld bead should be about equal to 
the thickness of both plates being welded. 

Butt joints can usually be welded with¬ 
out beveling the edges of the joint, for 
material Vm in. or less in thickness. The 
conditions encountered are best explained 
by example. For instance, with V»-in. 
plate, 100% penetration can be secured 
because surface tension is strong enough 
to support the weight of the molten pool 
obtained with such a thin section. On the 
other hand, with V*-in. plate, surface ten¬ 
sion of the molten metal is not great 
enough to support the size of the pool re¬ 
quired for 100% penetration; hence, 
beveled edges are required. The thick¬ 
ness above which beveled edges are 
needed is approximately 3 /i„ inch. 

In butt welding material which does not 
require beveled edges, satisfactory pene¬ 
tration is judged by observing the width 
°f *be bead and the action of the molten 
pool. When the surface of the weld first 
becomes molten, the pool is very active. 
As the heat penetrates into the metal, the 
activity slows down until the surface is 
almost flat. The presence of this condi¬ 
tion, combined with a bead width of about 


three times the plate thickness, indicates 
complete penetration. 

With beveled edges, the root of the 
joint is sealed, after which filler metal is 
added to fill the groove completely. This 
operation does not require multiple 
passes, as the welder may perform both 
of these functions simultaneously in a 
single pass. 

\\ henever practical, it is desirable in 
making butt joints to use a backing such 
as previously mentioned (see Fig. 1), as 
complete penetration can be obtained 
more easily and with less danger of 
molten metal falling through. This also 
permits the use of higher currents, and 
faster welding speeds can be realized. 

Fillet welds in lap or T joints are not 
especially difficult, if fit-up is good and if 
the weld is made in the flat position. 

I his may be accomplished by clamping or 
tack-welding the pieces together and 
propping them in position or by use of a 
jig or positioning table. Good fillet welds 
are easier to make in the flat position be¬ 
cause gravity aids the fluid weld metal to 
flow into place without leaving undercut 
areas. 

When fillet welds are made in the 
horizontal position, extra care must be 
used to produce a deposit of the proper 
shape without undercut. In the case of a 
lap joint made in the horizontal position, 
the heat is applied mostly to the lower 
plate, applying just enough on the top 
plate to cause it to flow into the molten 
l>ool. Filler metal, if used, should be 
added so that it flows from the upper to 
the lower plate. The plates should be 
fitted as closely as possible to facilitate 
the flow of metal to the lower plate. 
W ith thin metal, a clamp or weight may 
he necessary to keep the plates in contact. 

Weld Properties 

The quality of the welding obtained by 
the atomic hydrogen welding process is 
excellent when applied by competent 
\n elders. J he weld metal possesses a 
fine homogeneous structure, characterized 
by high ductility. Because of the reduc¬ 
ing action of the hydrogen and the highly 
fluid condition of the molten metal, oxides 
and other inclusions are practically elimi¬ 
nated from the weld area, giving much 
cleaner weld metal than is usual with 
other arc and gas welding processes. 

Material that is relatively free from 
non-metallic inclusions must be used if 
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the weld is to be free of porosity. As a 
rule finely divided inclusions are not 
harmful, but large inclusions, particularly 
in ferrous alloys, are likely to result in 
porosity at, or near, the line of fusion. 

The process is particularly adaptable 
to the high chromium-nickel alloy steels, 
generally known as stainless steels. 
Welds produced in these alloys have a 
high corrosion resistance, high tensile 
strength, good ductility and excellent 
fatigue resistance. Corrosion resistance 
of the heat-affected area is less than se¬ 
cured with the inert-gas metal-arc and 
shielded metal-arc welding processes but 
greater than obtained with the oxy-acety- 
lene or oxy-hydrogen processes. 

EQUIPMENT USED 

General 

Equipment used in this process consists 
of three principal parts (see Fig. 2) as 
follows : 

1. A tr insformer, or other means of 

coi verting the power supply volt- 
agi to a voltage suitable for weld¬ 
ing, and a means for controlling 
current values. 

2. A means for holding the electrodes 

in position, for supplying a low 
velocity hydrogen atmosphere 


around the electrodes and for 
moving the electrodes to establish 
and maintain the arc. In manual 
welding, an electrode holder is 
used for this purpose, while in 
machine welding, a welding head 
and arc control system fulfill 
this function. 

3. A source of hydrogen gas or sub¬ 
stitute. Dissociated ammonia is 
frequently used as a substitute. 

Alternating current is commonly used 
for several reasons. It is available in 
practically every manufacturing plant. It 
is readily converted from the supply volt¬ 
age to the voltage necessary for welding. 
The two electrodes between which the arc 
is maintained will be consumed equally 
when alternating current is used, while, 
w ith direct current, one electrode will be 
consumed at a higher rate than the other, 
because of the greater amount of heat 
generated at the positive electrode. 

However, direct current is used on 
occasions, hor instance, one application 
involves the welding of very light gage 
steel wherein a magnetic field is estab¬ 
lished across the joint and, because of the 
lower permeability across the gap, fringes 
around the joint, and interlocks with the 
direct current of the arc in such a manner 
as to accurately center the arc stream on 
the seam. 


Fused line switch 



Handcrank for 
current 
adjustment 


Reducing 

valve 


Electrode 

holder 



Scale for current 
adjust ment 


Four-conduct or cable to 
contactor panel 

Start-stop push button 


i Hqdroqen 
tank 


Two-conductor cable 
to contactor panel 


i 

Hoses to solenoid valve 
connection on contactor panel 


Fig. 2.—Equipment for Manual Welding 
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2 . 

2 . 


3 . 


The following are needed for control¬ 
ling and establishing the arc: 

A means of insulating the welding 
current from the supply circuit. 

A reactance or other means of vary¬ 
ing the welding current over a 
suitable range for different appli¬ 
cations. 

A system of contactors to enable 
the establishment and maintenance 
of the arc with relative ease and 
to minimize the possibility of 
shock to the operator. With the 
high open-circuit voltage neces¬ 
sary to establish and maintain the 
arc (300 volts a.c., or 250 volts 
dc.), equipment not providing 
these controls should be avoided. 

The methods of accomplishing these 
functions with alternating current ap¬ 
paratus differ in detail, but follow the 
same general scheme. 1 he primary of 
the transformer is connected to the power 
supply through a fused line switch. The 
secondary is connected to the welding cir¬ 
cuit through a contactor which is held 
closed while the welding current is flow¬ 
ing but opens if the arc is broken. The 
welding circuit consists of an ammeter, 
the electrode holder and a variable reac¬ 
tance which may be included in the trans¬ 
former as leakage reactance. 

Enlarged Section 
t hroug h 

Electrode Clamp 
1% r 


with a fixed core but with a movable 
primary and a fixed secondary coil, so 
that the relative location of the primary 
and secondary windings determines the 
value of the welding current. A tertiary 
winding, connected into the circuit dur¬ 
ing the starting period, provides for the 
increased current during the starting pe¬ 
riod. Current adjustment is obtained by 
rotating a handwheel, moving the coil to 
the desired position which is indicated by 
a pointer moving on a vertical scale cali¬ 
brated in amperes so that current adjust¬ 
ment may be made either with or without 
the arc being estabished. 

Hydrogen is commercially available in 
tanks or cylinders, or a mixture of hy¬ 
drogen and nitrogen may be obtained by 
the use of an ammonia dissociator. A 
pressure regulator is required for main¬ 
taining a constant low pressure of hydro¬ 
gen, and a solenoid valve, arranged to 

permit hydrogen flow only when welding, 
is desirable. 

Manual Equipment 

hor manual welding, the equipment in¬ 
cludes the power unit and source of hy¬ 
drogen described in the preceding section 

(big. 1) and an electrode holder (Fig. 3). 

The electrode holder not only provides 
a means lor establishing and maintaining 



Two-conductor cable 


Hose 


Trigger 


V\ lien the welding current is low, case 
,n starting is obtained by increasing the 
current during the starting period. This 
las been accomplished in a number of 

ways * all of which are utilized in equip- 
uient now in service. 

In the latest type of equipment, where 
le reactance is incorporated as leakage 
reactance, the transformer is provided 


Fig. 3.—Electrode Holder 


the arc but also provides a means {< 
directing the stream of hydrogen wi 
uhich the arc is enveloped (see Fig 3 
It consists of two tubes molded in a con 
position handle through which both h< 
drogen and current flow. The curreJ 
connection to these tubes is made at tl 
rear of the handle, and is connected t 
the power control unit through a 2-cor 
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ductor, flexible cable. The hydrogen is 
supplied through a hose to a single tube 
at the rear of the holder from which it is 
led into the two current-carrying tubes by 
means of an insulated manifold in the 
molded handle. Both hydrogen and cur¬ 
rent are carried to the forward end of 
the electrode holder on which are 
mounted the electrode clamps. One of 
the electrode clamps is movable but is 
held in approximate position by a coil in 
the tubing and manipulation is through 
an insulated connection to the trigger. 
The coiled tube should be kept from the 
heat as much as possible to prevent an¬ 
nealing and destruction of its spring 
action. 

If dissociated ammonia is used as a sub¬ 
stitute for hydrogen, special tips should 
be obtained or the hydrogen tips changed 
to increase the diameter of the orifice 

15%. 

The electrode holder is usually fur¬ 
nished in one of three ratings, 50, 75 or 
100 amperes. The 50-amp. size may be 
equipped with interchangeable clamps and 
tips for use with either 0.040-in., Vie-in. 
or 3 /32-in. diam. electrodes. The 75-amp. 
size may be similarly equipped for either 
Vw-in. or Vs-in. electrodes and the 
100-amp. size for either Vs-in. or G / 3 2 -in. 
electrodes. 

Selection of the electrode size is made 
according to the welding current used. 
Each size of electrode should be used 
with the electrode holder equipped with 
the proper electrode clamp (see Table I). 


not provided with vertical and cross-seam 
adjustments, these must be included in 
the welding fixture. A motor, operating 
through a gear train, drives the electrodes 
in one direction or the other as required 
to maintain a constant arc voltage. Hy¬ 
drogen is fed to a nozzle which guides the 
electrodes and causes the gas to be prop¬ 
erly distributed around them. Portions 
of the head subjected to the heat of the 
arc are water-cooled. An adjustment is 
provided for offsetting the electrodes so 
as to stabilize the arc. With the proper 
offset the magnetic effect of the welding 
current causes the plane of the fan¬ 
shaped arc to rotate to a position approxi¬ 
mately at right angles to the plane of the 
electrodes (see Fig. 4). If this offset ad¬ 
justment is incorrect the fan may oscil¬ 
late between this position and that nor¬ 
mally assumed in manual welding, result¬ 
ing in non-uniform penetration. 

When a greater production rate is re¬ 
quired than can be obtained by a single 
arc, additional units may be installed, or 
the required number of arcs may be in¬ 
corporated in a single welding head. 
Whi 1 e the number of installations of 
multiple-arc units is small and experience 
with their use necessarily limited, it may 
be stated generally that this method has 
the advantages of broadening the field 
of application to include heavier material 
and of lowering the cost per unit length 
of weld. The improvement in cost is 
largely due to lower rates of consumption 
per arc of both hydrogen and tungsten. 


Table 1—Current Range and Electrode Extension 


Current range, amp. 

15-25 

15-35 

15-50 

25-75 

60-150 

Electrode diameter, in. 

0.040 

Viu 

3 / 3 i! 

Vs 

s /a2 

Maximum electrode extension, in. 

3 A 

V* 

Vn 

1 1 /d 

lVs 

Minimum electrode extension, in. 

3 A 

Va 

Va 

r> /« 

6 /e 


Note: Electrode extension is measured from the lower face of the hydrogen tip to the arcing 
end of the electrode. 


Machine Equipment 

The equipment required for machine 
welding, includes the power unit and 
source of hydrogen described in a previ¬ 
ous section, a welding head and control 
for establishing and maintaining the arc 
(instead of an electrode holder) and a 
welding fixture or machine for providing 
relative motion between the work and the 
arc. 

The welding head is arranged for 
mounting on the welding fixture and, if 


The function of the arc control panel 
is to furnish impulses to the electrode¬ 
driving motor, causing it to move the 
electrodes so as to establish and main¬ 
tain the arc at a uniform, predetermined 
voltage. The principal unit in this panel 
is the voltage-sensitive device which 
furnishes the impulses to the electrode 
motor. This may consist of a voltage 
relay, the coil of which, in series with 
a regulating rheostat, is connected to the 
electrode terminals. Recently, thyratron 
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tubes have been used to perform this 
function. Such a control system is re¬ 
sponsive to very small changes in arc 
voltage and can be arranged to furnish 
feeding speeds proportional to the varia¬ 
tion of the arc voltage from normal. The 
result is that the arc voltage can be held 
within much closer limits than with a 
system which contains moving mechan¬ 
ical parts. 


ture is designed to hold the distance be¬ 
tween the arc and the work constant. 
These two factors are interrelated, as a 
decrease in the size of the arc raises the 
fringe and has the equivalent effect of 
raising the head. 

The actual form of the welding fixture 
will depend entirely on the work to be 
done. Briefly, it will provide for clamp¬ 
ing and holding the work in position and 




Silent Arc 




Manual W'ckling 





Machine Welding Arc 


I ifj. 4 —Typ«*» of Atomic Hydrogen Arc 


The angle between the .seam and the 
fan-shaped arc is determined by the 
mounting of the welding head, which, as 
a rule, is such as to make the arc fan and 
the seam parallel. This may be altered 
slightly by a change in the offset adjust¬ 
ment, when required to stabilize the posi¬ 
tion of the arc fan at various values of 
welding current. 

Machine welding is limited almost en¬ 
tirely to comparatively long straight 
seams in formed plate and to seams hav¬ 
ing a contour which can be followed read¬ 
ily by automatic displacement of the weld¬ 
ing head. I he uniformitv of conditions 
provided by automatic control as com¬ 
pared to manual welding makes possible 
the use of higher values of welding cur¬ 
rent with a corresponding increase in the 
welding speed. Fullest advantage of 
these conditions can be realized only if 
the seam preparation is also uniform. 

J he technique used is essentially as out¬ 
lined for manual welding. As a rule, 
values of current, arc voltage, speed, and 
height of the arc a!>ove the work are 

welding sample sections 
and are not changed during welding. The 
arc voltage, being automatically con¬ 
trolled, determines the size of the fan¬ 
shaped arc which remains constant for 
the length of the weld The welding fix- 


for moving the arc along the seam or for 
moving the work under the arc. Uni- 
lormity of all welding conditions, includ¬ 
ing alignment and fit of the seam, largely 
determine the succhsn of machine weld¬ 
ing. 1 liese points should he given par¬ 
ticular consideration in the design of the 
welding fixture, as any compromise is 
likely to result in lower welding speeds, a 
higher percentage of rejects or both. 

Auxiliary Equipment 

Auxiliary equipment includes all items 
necessary or useful in the application of 
the process except the transformer or 
other means of providing welding current. 

Several of these items have been treated 
in previous sections. I he source of hy¬ 
drogen gas and a substitute have been 
described under General Equipment. An 
automatic welding head has been de¬ 
scribed under Machine Equipment. The 
most commonly used electrode holder has 
t>een fully described under Manual Equip¬ 
ment. However, certain applications may 
require a modification or a specially de¬ 
signed electrode holder. Figure 5 is an 
illustration of an electrode holder es¬ 
pecially designed for relatively low weld¬ 
ing current values, light weight and 
greater ease in manipulation. 

Tungsten electrodes are available in a 



256 


WELDING PROCESSES 


range of diameters from 0.040 to 3 /i« in. 
nominal sizes being in 32nds of an inch. 
For manual welding. 12-in. lengths are 
usual, and may be used for machine weld- 


movable or fixed screening of canvas or 
light sheet metal. 

Other accessories include scratch 
brushes, pliers, and an assortment of 



CUTAWAY VIEW 
ELECTRODE HEAD 



13 



TRI04ER IN 
DEPRESSED 
POSITION 


Fig. 5.—Special Electrode Holder 


ing in diameters up to Vs inch. In the 
larger diameters, lengths of 2 to 5 ft. re¬ 
sult in some economy in machine welding. 

Jigs or fixtures for positioning the 
work are very useful in manual welding 
of a repetitive nature and are essential for 
machine welding. If possible, such fix¬ 
tures should hold the parts to be welded 
in secure alignment. Particularly for ma¬ 
chine welding, it is desirable to provide 
water cooling for the parts which hold 
the seam in alignment and control the 
heat flow away from the weld. Proper 
attention to this feature will reduce dis¬ 
tortion and the extent of the heat-affected 
zone to a minimum. In stainless steels, 
the extent of carbide precipitation also is 
reduced. 

A helmet, such as is used in other arc¬ 
welding processes, or partial glass screen¬ 
ing is necessary to protect the welders 
from the light of the arc. To protect 
other workers, it is desirable to provide 


clamps, angles, etc., for positioning and 
clamping. 

METHODS AND TECHNIQUE 
General 

The factors which constitute welding 
technique are grouped generally into two 
classes: adjustments for the equipment 
and manipulation. These factors are in¬ 
terrelated, and as the operator’s skill in 
manipulation increases, a change in the 
equipment adjustments is perfectly logical. 
For this reason, strict adherence to the 
following current adjustments is not rec¬ 
ommended. 

The method of current adjustment has 
been described in a previous paragraph. 
This adjustment should be made to pro¬ 
vide the proper welding current as dic¬ 
tated by the particular application. 
(Table 2, Machine Welding Data, or 
Table 3, Manual Welding Data.) 


Table 2—Machine Welding Data 


Thickness, 

In. 

Welding 

Current, 

Amp. 

Voltage 

Welding 

Speed, 

In./Min. 

Consumption Rates 

Power, Hydrogen, 

Kw. Cu. Ft./Hr. 

Electrode 

In./Hr. 

0.015 

35 

50 

140 

3.2 


1.2 

1 i/ 

J • 

HRi)Hy*iW 

45 

55 

80 

2.9 


2.2 

f Vio 

diani. 


50 

60 

65 

3.5 

90 

0.8' 



WlwaXm 

60 

68 

63 

65 

50 

37 

4.5 

5.2 


1.3 

2.2 

3 /b 2 

diam. 

0.078 

75 

65 

30 

5.6 

■BRiW 

3.0 



0.094 

83 

68 

22 

6.5 


1.5' 



Mil iVwrm 

87 

68 

18 


120 

1.8 

Vs 

diam. 

Ha ti L i 

95 

70 

16 

7.6 


2.0 





70 

14 

8.1 

120 

1.2 



/ 32 

105 

72 

12 

8.6 


1.5 



Via 


72 

10 

9.2 


1.7 

• 3 /l0 

diam. 

l /i 


75 

7 

10.2 

120 

1.8 



6 /ie 

130 

75 

5 

11.0 

120 

1.9 
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The electrodes should be adjusted to 
the maximum extension given in Table 1 
before starting to weld. They are slowly 
consumed during welding and should be 
readjusted when they have reached the 
minimum extension. After the electrodes 
have been inserted, the clamp should be 
tightened only enough to hold them 
snugly. This allows adjustment of the 
electrodes by tapping lightly with a 
wooden or fiber block. 

The angle between the electrode clamps 
should be such that, with the trigger free, 
the electrodes will be in contact when ex¬ 
tending /« in. less than the minimum 
values given in Table 1 . 

The travel of the movable electrode can 
be adjusted by means of the insulated 
turnbuckle connecting it with the trigger. 
This adjustment should be such that, with 
the trigger free and the electrodes ex¬ 
tending /* in. less than the minimum dis¬ 
tance, they will touch. With the trigger 
pressed against the handle and the elec¬ 
trodes extending the maximum distance 
they should be about 7 « in. apart. 

The adjustment of hydrogen flow 
should receive careful consideration. A 
poor adjustment affects the welding speed 
or quality and causes either excessive hy¬ 
drogen consumption or excessive tungsten 
consumption. Having selected the proper 
electrode holder and electrodes, the cur¬ 
rent should be set for the highest value 
to be used with the electrode size selected 
(see J able 1 ). With the hydrogen re¬ 
ducing valve set at about 10 psi., strike and 
maintain the arc as described below. Re¬ 
duce the pressure until small beads, in¬ 
dicating insufficient cooling and rapid 
tungsten loss, begin to form on the ends 
of the electrodes and the well-chfined arc 
disappears. Increase the pressure until 
me beads no longer form and a well- 
defined arc is obtained. Observe the gage 
reading under these conditions, which will 
he between 4 and 7 psi. and keep the re¬ 
ducing valve set at this point unless the 
electrode holder is changed. A different 
electrode holder, of the same or a differ¬ 
ent size, may require a different setting. 

Reducing valves vary as to the mini¬ 
mum point at which they will hold pres¬ 
sure accurately. That required bv the 
electrode holder is slightly less than 1 
P*j., but the throttling action of the 
solenoid valve may be adjusted so that 
he reducing valve will operate in its 
range of accuracy. There is an adjusting 
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screw for this purpose on the solenoid 
valve which is accessible through a hole 
in the supporting panel between the inlet 
and outlet connections. 

To start the arc, set the reducing valve 
at about 10 psi. unless the hydrogen ad¬ 
justment has already been made. Grasp 
the electrode holder and pull on the 
trigger until the electrodes are separated. 
Hold the start button depressed and al¬ 
low the electrodes to come together and 
then immediately separate them about 

10 inch. This ignites the hydrogen and 
starts the arc. If the arc is not started 
the first time, close and open the elec¬ 
trodes again. The start button should be 
released as soon as the arc is started. 
Then adjust the flow of hydrogen as de¬ 
scribed above. If the electrodes freeze 
together, depress the stop button and 
gently force the electrodes apart with a 
welding rod or pliers, and proceed as be- 
tore. 1 he electrodes are brittle, and care 
should be exercised to avoid breakage. 
Another method frequently used to estab¬ 
lish the arc is to separate the electrodes 
slightly after the hydrogen is ignited and 
draw them across a piece of charred 
wood, graphite or metal. 

To stop the arc. depress the stop button 
or increase the gap between the elec¬ 
trodes until the arc breaks. While the 
arc may be snuffed out by bringing the 
electrodes together, it is poor practice and 
should be avoided. If this should occur, 
intentionally or otherwise, the electrodes 
should be separated by depressing the 
trigger, or the stop button should be de¬ 
pressed to remove power from the weld¬ 
ing circuit, and the electrodes pried apart. 

As the work docs not form a part of 
the electrical circuit, the arc may be 
started with the electrode holder in any 
position. The majority of experienced 
welders start the arc with the electrode 
holder in a vertical position and raised 
slightly above the head. This allows the 
helmet to be in the raised position until 
ready to start actual welding. 

The distance between the tips of the 
electrodes determines the arc voltage and 
the type and size of the arc stream (Fig. 
4). In normal use, the arc stream as¬ 
sumes a fan shape which varies in di¬ 
ameter between 3 /„ and 7« inch. Under 
these conditions the arc voltage varies 
between 50 volts and 90 volts, and the arc 
produces a singing noise. If the elec¬ 
trodes are brought closer together so as 


to reduce the diameter of the fan below 
3 / 8 in., the singing noise stops and the 
fan suddenly disappears, being replaced 
by a pointed arc extending about Via in. 
beyond the tips of the electrodes, usually 
called a silent arc. In this case the arc 

voltage ranges between 20 volts and 40 
volts. 

When the arc stream is viewed through 
a welding glass, it is seen as a very defi¬ 
nite circular outline having very little 
depth and normally lying in a plane sub- 

same as that of the elec¬ 
trodes (see Fig. 4). This is the normal 
position, that is, the electrodes lie in 
exactly the same plane. However, the 
electrodes can be offset to rotate the fan 
to a position approximately at right 
angles to the plane of the electrodes. In 
this position the electrodes lie in two 
parallel and slightly separated planes. 
\\ hile an adjustment is provided for this 
purpose on the automatic head, no such 
means is provided on the electrode holder. 
If it is desired to permanently displace 
the arc fan to the right-angle position, the 
spring loop may be gently forced into the 
desired position, but frequent changes of 
this nature are not recommended and may 
result in permanent injury to or destruc¬ 
tion of the electrode holder. 

The greatest concentration of atomic 
hydrogen occurs at the outer boundary or 
fringe, and this edge should just touch the 
surface to be welded. Holding the arc 
higher than this spreads the heat over a 
larger area and is useful for preheating 
or for finishing off the end of the weld. 
If the arc is held too low, heat is ineffi¬ 
ciently distributed and the electrodes will 
be contaminated unnecessarily by spatter 
from the weld which lowers their melting 
point, and causes excessive consumption. 

Spatter will accumulate on the tung¬ 
sten electrodes and on the tips through 
which hydrogen gas flows. That which 
adheres to the electrodes will later alloy 
with the tungsten and that which adheres 
to the tips will cause poor gas distribu¬ 
tion. A wire brush is effective in remov¬ 
ing a lightly adhering spatter, and if used 
frequently will usually be all that is re¬ 
quired. A dull-edged tool such as a 
screw driver or file prong may be used 
to remove tightly adhering spatter. Fail¬ 
ure to remove this spatter will result in 
excessive tungsten consumption and may 
influence adversely the speed and quality 
of welding. 
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Filler rod is added by creating a liquid 
surface or molten pool, depending on the 
penetration required, adding to it drops 
of liquid metal melted from a rod or bar 
of the desired composition, and fusing 
thoroughly and quickly. As a general 
rule, it is better to melt the end of the rod 
by intermittently inserting it in the for¬ 
ward fringe of the arc fan. The added 
metal is fused as the arc moves forward 
to continue the weld. 

When adding filler metal, extra care 
must be taken to prevent contamination of 
the tungsten electrodes by metal from the 
welding rod or pool. The alloy thus 
formed has a lower melting point than 
tungsten, and a molten ball usually forms 
on the end of the electrode, causing the 
arc to be very erratic. The disturbing 
alloy will disappear if the arc is main¬ 
tained for a sufficient length of time but 
may be quickly removed by rapidly mov¬ 
ing the electrode holder up and down with 
the arc established. Phis causes the hy¬ 
drogen to be temporarily displaced, al¬ 
lowing the air to oxidize the alloy very 
quickly. Another practice is to stop the 
arc and break oil the disturbing alloy 
with pliers. 

'Die nature of the work governs the 
selection of the welding current, and the 
size of the fan-shaped arc. For thin 
metals and small parts the lower currents 
are used with a small arc fan or a silent 
arc. Both the current and size of the arc 
fan increase with the size of the work. 

1 lie use of filler metal depends on the 
desired finished appearance, and thickness 
and type of work being done. In the case 
of butt welds where the thickness exceeds 
./ 18 is necessary to bevel the edges 

in order to obtain uniform and complete 
penetration and to add filler metal to sup¬ 
ply the metal to fill the groove. All fillet 
welds require filler metal, and it is fre¬ 
quently required in the other types of 
welds. 

Since the atomic-hydrogen arc trans¬ 
fers heat into the work very rapidly, the 
a,c s kould not be held in one spot too 
long, otherwise the metal may be over¬ 
heated locally, with the possible loss by 
vaporization of important alloying ele¬ 
ments. A second precaution is that the 
tnnge of the arc should not be held away 
‘rom the surface of the work more than 
about 7* in., otherwise the hydrogen may 
not completely envelop the molten metai, 
and surface oxidation may occur. 


Selection of Filler Metal 

In selecting a welding rod, best results 
will be obtained if the diameter is proper 
for the thickness of work being welded. 
With light work, requiring up to 25 or 30 
amp., a diameter of Via or V 32 in. is ordi¬ 
narily used. When a large addition of 
filler material is required, as with heavier 
work, the diameter may be increased up 
to V, in. with currents up to 150 amperes. 

1 he analysis of the filler metal for 
alloy steels should be practically the same 
as that ot the parent material, except for 
carbon content which should be about 
one-third greater to compensate for loss 
of this element during welding. Of 
course, it the pool of weld metal is kept in 
a molten condition longer than normally 
1 equired tor good fusion, as may be neces¬ 
sary when welding heavy sections, or if 
the metal is overheated, the loss of carbon 
tc'iids to increase, for w hich further allow¬ 
ance may need to be made. The loss of 
other alloying ingredients is negligible, 
unless the arc is held so long in one place 
that serious overheating occurs. 

W hen it is necessary to obtain filler 
metal by cutting it from a piece of a bar 
"i a die, it is best done by band saw. 
t are should be taken to obtain clean 
metal, and to prevent decarburized steel 
trom getting into the weld. 

Alloy Steels 

Alloy steels may be welded in virtually 
the same way as mild steel. Less w'eld- 
ing current is ordinarily required, espe¬ 
cially with steels having a high alloying 
content, such as stainless steels. In this 
work, a perfect weld is much more im¬ 
portant than time, so no attempt is made 
to achieve speed in welding. The welders 
handling this work must have unusu¬ 
ally keen knowledge of all the factors 
involved and the great success obtained in 

tins field is largely a result of their tech¬ 
nique and experience. 

I o prevent cracking in the high-carbon, 
air-.iardening, and oil-hardening alloy 
steels the pieces to be welded generally 
should be carefully annealed before anil 
alter welding. However, it is possible in 
M>me cases to weld without annealing 

V thc !>* an > r doubt it is best to be on 
the sate side and anneal a piece before it 
•s to be welded. In some welding opera¬ 
tions there are slight distortions. These 
pieces can nearly always be straightened 
b> using pressure while the part is at a 
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red heat. It straightening is not possible, 
sufficient metal should be deposited so 
that the repaired part can be remachined 
to the proper size. Tools which have 
been repaired should be hardened in the 
same manner as is recommended for tools 
of the same type that have not been 
welded. 

In repairing molds and dies, the addi¬ 
tion of small amounts of filler metal to a 
comparatively large mass of base metal 
is a frequent requirement. Such work 
usually requires special precautions in 
order to obtain the proper heat distribu¬ 
tion, particularly throughout the metal 
adjacent to the weld area. Proper heat 
distribution can be obtained by preheat¬ 
ing, a procedure which is recommended 
on all but very small pieces weighing two 
pounds or less. Even such small pieces 
should be preheated (with the arc if con¬ 
venient), until they are barely comfort¬ 
able to touch, before welding is begun. 
Larger pieces require more preheating, 
and a piece weighing 50 lb. or more, or 
2 in. in thickness, should be heated to a 
dull-red temperature before welding. 
Lsually it is better to preheat larger 
pieces in a furnace or with a gas torch. 
To obtain further good heat distribution, 
the metal should be brought to the melt¬ 
ing point slowly during welding, in order 
to avoid porosity. 

In most work of this kind, alloy steels 
are involved, which means that the filler 
metal used should be carefully selected, as 
outlined in the preceding section. In add¬ 
ing the welding rod. the arc is played 
upon the work until a spot upon the sur¬ 
face becomes molten, whereupon the end 
of the rod is melted into this surface pool. 
The rod is then withdrawn and the de¬ 
posited metal is fused into the surface of 
the base metal by playing the arc around 
the edge of the droplet until it flows into 
the surface. 


COMMON APPLICATIONS 

General 

Atomic hydrogen welding is applicable 
to practically all the nonferrous as well 
as ferrous metals and alloys. Flux is re¬ 
quired in the welding of aluminum, or 
copper and copper alloys, and often is 
useful in welding the various types of 
stainless steel. Flux for all of these 
materials is readily obtainable and selec¬ 
tion is largely a matter of individual 
choice. As a general rule all such metals 
and alloys should be preheated and lower 
values of welding current used than with 
similar masses of steel. 

In the repair of steel molds and dies the 
atomic-hydrogen process has been very 
widely used with outstanding success. 
Deposited metal is sound and dense, and 
by proper selection of filler material, can 
be made to duplicate almost exactly the 
properties of the base metal. The rapid 
heating and controllable depth of fusion 
afforded by this process facilitate the 
building-up of worn or spalled surfaces 
and the correction of errors in machining 
with a minimum of disturbance of the 
parent metal. 

In the fabrication of thin stock, particu¬ 
larly where the joint can be prepared in 
such a way as to require no addition of 
filler metal, atomic-hydrogen welding 
finds a broad field. Automatic welding 
heads are widely used in the production 
of tubing made of alloy steels, including 
the 18 8 steels, chromium, chromium- 

aluminum and SAE 4130 steel, as well as 
Inconel. Typical applications include the 
fabrication of nickel and Monel tanks, 
float balls, aluminum parts, aircraft pro¬ 
pellers, capillar}' tubes for instruments 
and heavy-walled tubing for automotive 
rear-axle housings (see Table 4). 

While operating costs of the atomic hy¬ 
drogen welding process are not quite as 


Table 4—Typical Applications for Atomic Hydrogen Welding 


Material 


Thickness Range, In. 


Product 


Stainless steels 
Steel (medium carbon) 
Stainless steel 
Stainless steel 
Stainless steel 
Silicon steel 
I nconel 
Monel 

Steel (mild) 

Steel (medium carbon 
and stainless) 
Stainless steel 
Alloy steels 


0.025-0.1S0 

0.250-0.330 

0.025-0.125 

0.037-0.050 

0.031-0.050 

0.010-0.015 

0.025-0.035 

0.045-0.093 

0.035 

0.078-0.156 


Aircraft superchargers, manifolds, etc. (Fig. 6) 
Automotive tubing 
Beverage tubing 
Beer barrel liner 

Dairy machinery tubing (see Fig. 7) 

Electrical magnetic strip 
Home-appliances—tubing 
Home appliances—hot water tanks 
Cartridge magazines 
Hollow spheres 


0.025-0.065 


Oxygen tanks (see Fig. 8) 
Sheet-metal forming—die repairs 
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6. Example of Manual Atomic Hydrogen Welding 
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low as those of the conventional arc weld¬ 
ing process, nevertheless it is found that 
atomic hydrogen welding can be used for 
work which cannot be done so success¬ 
fully by other means. Thus, it affords 
additional opportunities to save time, 
money and material in the manufacture of 
production parts and in the repair and 
maintenance of equipment, particularly 
the repair of tools and dies. 

The process has demonstrated its abil¬ 
ity to make tremendous savings because 
of the ease and speed with which worn 
parts may be rebuilt and likewise the ease 
with which filler metal can be obtained. 
Filler metal can frequently be obtained 
from scraps of the base material or pos¬ 
sibly cut from the work piece itself. This 
is a particularly attractive feature of the 
process in that practically any of the com¬ 
monly used base metals can be welded. 
Also, because of the ease of obtaining 
filler metal, it is ideal for repairing spe¬ 
cial ferrous alloys such as chromium, 
nickel and molybdenum steels as well as 
the nonferrous allows. 

Welding Data 

The overall welding time, as the term 
is generally used, includes the time neces¬ 
sary to set up the parts for the welding 
operation, as well as the time consumed 
in welding. The setup time varies over a 
wide range and depends not only on the 
variety of work being welded but on the 
design of the parts, accuracy of the pre¬ 
ceding workmanship and the facilities 
available for making a proper setup. It 
is frequently computed as a percentage of 
the welding time. In the data given in 


the tables this is not included, welding 
speeds being based on the time necessary 
to make the weld, usually called arc time. 

The data for manual welding are given 
in Table 3. In using these data for com¬ 
puting welding time, the length of the 
seam should be increased to compensate 
for the time required to start and finish 
the weld and for intermediate pauses. A 
fairly accurate value is 1 in. plus an addi¬ 
tional inch for each 2 ft. of length. 



Fig. 8.—Single Arc Machine Welding. 

Oxygen container of stainless steel with welded 

girth seam and fittings. 


For automatic or machine welding, data 
are available for butt joints only (see 
Table 2), as other joint types are seldom 
used. Material having a thickness in ex¬ 
cess of 1 2 3 4 5 6 7 /io in. is seldom machine welded. 
When it is, the joint must be properly 
backed to avoid spill-through or some 
equally effective method provided. For 
very thin material, magnetic stabilization 
of position of the arc is necessary. For 
computing welding time, the data from 
Table 2 should be used, noting that a 
much higher duty factor is usually ob¬ 
tained, and that no addition for the start 
and finish of the weld is necessary. 
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CHAPTER 12 


INERT-GAS METAL-ARC WELDING* 


FUNDAMENTALS OF PROCESS 


Definition and General Description 


Inert-gas metal-arc welding is an 
arc-welding process wherein coalescence 
is produced by heating with an electric 
arc between a metal electrode and the 
work. Shielding is obtained from inert 
gas such as helium or argon. Pressure 
may or may not he used and filler metal 
may or may not he used. Tungsten elec¬ 
trodes are generally used because of their 
higher melting point and with the protec 
tion provided by the inert gas. argon or 
helium, the electrode is virtually non¬ 
consumable. Filler metal i> added to the 
weld in the same manner as in oxy-acctv- 
lene or carbon-arc welding. 

I he inert gas iti conjunction with the 
proper type of welding current also per 
torms another important function, namely 
that of a cleaning action, which is bene- 
hcial in welding aluminum, magnesium, 
beryllium copper and some alloys contain¬ 
ing additions of aluminum or beryllium 
which form a refractory oxide. In weld¬ 
ing most other metals, this cleaning action 
plays no significant part 

The function of the electrode and weld 
puddle protection is readily understood 
because the air is simply displaced physi¬ 
cally by the flowing inert gas. Hius the 
required rate of inert gas flow tor any 
particular welding operation is that rate 
"hich will give effective shielding. This 
How rate depends upon the size of the 
molten puddle, type of metal being welded, 
type of inert gas employed, welding speed 
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and presence of drafts or wind in the vi¬ 
cinity of the welding operation. The rate 
of gas flow is not determined directly 
by the heat requirement of the weld since 
it is not involved directly in the actual 
heating operation. 

W elds can be made in practically all 
metals without the use of flux. No sig¬ 
nificant amount of oxides is formed, and 
therefore fluxes are not required to re¬ 
move them from the weld zone. With 
manual equipment, welds can he made in 

all positions. 


Principles of Operation 

\n electric arc is produced by the pass¬ 
age of an electric current through an ion¬ 
ized gas. In this welding process the inert 
gas atoms are ionized. They lose elec- 
and are left with a positive charge. 
I he positive gas ions flow from the posi¬ 
tive to the negative pole of the arc; 

1 he negative electrons travel from the 
iicgati\ e to the positive pole. 1 he power 
ex pel if led m an arc expressed in electrical 
units is the product of the current passing 
through the arc and the voltage drop 
across the arc I he voltage drop across 
the arc consists of a fixed amount at 
eai h arc end and a variable amount pro¬ 
portional to the length of the arc. 

It is well established that when the 
electrode is positive and the work nega¬ 
tive the oxide coating on the metal being 
w elded IS removed. Several theories have 
been proposed to explain this action. One 
ol thc * e * s that the electron flow from 
the plate breaks up the oxide layer and 
disperses it during d.c, reverse polarity 
welding or during the reverse polarity 
cycle of ac welding. A second theory 
explains the cleaning action on the basis 
l,mn bombardment Positively charged 
*as ions attracted to the negatively 
• barged work piece strike the surface with 
sufficient force to break up and dislodge 


:g3 
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the oxide layer. This action may be con- 
pared to a miniature sandblasting opera¬ 
tion. In fact, under the microscope the 
area of the metal surface adjacent to 
the weld has the appearance of a sand¬ 
blasted surface. 

A third theory is that metallic ions as 
well as gas ions help to dislodge this oxide 
surface and a fourth theory is that an 
electrolytic dissociation of oxides takes 
place. Since this cleaning action takes 
place with flow of reverse polarity current, 
the metal oxides are dissociated so that 
the positively charged metal ions are 
deposited on the negatively charged weld 
zone. The oxygen so liberated is carried 
off to either side of the weld zone in the 
inert gas stream. 

The second of these theories appears 
to be applicable to inert-gas metal-arc 
welding because the cleaning effect of the 
two gases, argon and helium, seems to be 
somewhat in proportion to their atomic 
weights. The cleaning action with the 
heavier gas, argon, is much more pro¬ 
nounced than the cleaning action in the 
case of the relatively light helium, which 
has an atomic weight of about one-tenth 
that of argon. 

Since this cleaning action plays an im¬ 
portant part, principally in welding alu¬ 
minum and magnesium, the above de¬ 
scription applies mainly to these two 
metals and their alloys. For welding 
these metals alternating current with 
superimposed high frequency, alternating 
current of higher than usual open-circuit 
voltage or balanced-wave alternating cur¬ 
rent is used. Direct current, reverse 
polarity is also used for welding these 
metals in very thin sections. 

For d.c.. reverse polarity welding, the 
electrode is positive. The negative elec¬ 
trons strike the electrode and heat it. This 
condition makes necessary the use of a 
74-in. diam. tungsten electrode to carry 
125 amp. for welding up to only V 8 -in. 
thick aluminum, because electrons heat 
the electrode instead of the plate. The 
weld puddle is shallow and wide. Direct 
current, reverse polarity is not widely used 
because heating of the electrode is so 
severe. 

In d.c., straight polarity welding the 
negative electrons are directed to the posi¬ 
tive plate at fairly high velocity. The 
positive gas ions are directed toward the 
negative electrode at relatively low ve¬ 


locity. As the electrons strike the plate, 
considerable heat is liberated, thus heat¬ 
ing the plate more than the electrode. 

Direct current, straight polarity is used 
for welding practically all metals other 
than aluminum and magnesium. The 
main reasons are that the weld puddle is 
deeper and narrower than in the case of 
d.c., reverse polarity or alternating cur¬ 
rent. Therefore, the contraction stresses 
are less so that less trouble with hot crack¬ 
ing of some metals is encountered. Be¬ 
cause the rate of heat input is more rapid 
with d.c., straight polarity, less distortion 
in the base metal results. The weld puddle 
is molten for a shorter time because of the 
faster rate of heat input with this type 
of current, and therefore gas reactions 
have less time to take place. Higher 
welding speeds are also possible. Greater 
heat is developed at the positive end of 
the arc, which is the weld puddle, and 
considerably less heat is developed at the 
negative end of the arc, which is the end 
of the tungsten electrode. Therefore, 
there is less tendency to heat the electrode 
and smaller electrodes can be used for 
a given welding current. 

Safety 

The safety precautions and protective 
equipment for metal arc welding are 
applicable in general to inert-gas metal- 
arc welding. (See Chapter 46). Welding 
helmets or full face shields should be used 
and all areas of the operator’s skin which 
are exposed to direct radiation from the 
arc should be covered. There is no hot 
metal or slag spatter with inert-gas 
metal-arc welding hence there is less 
danger of clothing fires than with shielded 
metal-arc welding. However, eye pro¬ 
tection is very important and a somewhat 
darker shade of protective filter glass 
should be used than for shielded metal-arc 
welding. Standard arc-welding helmets 
with lenses ranging in shade from No. 6, 
for work using up to 30 amp., to No. 14, 
for work using more than 400 amp., should 
be used. Use of a glass that is too dark 
is to be avoided to prevent eyestrain. 
The upper part of the operator’s body 
should be protected with a closely woven 
shirt with a tight collar and long sleeves. 
Light cotton or leather gloves are recom¬ 
mended. Adequate arc shielding should be 
set up to protect other workers. 

The general use of high-frequency- 
stabilized alternating current requires 
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special protection. This method of arc 
stabilization uses frequencies in the radio 
spectrum and although a potential of 
3000 volts is commonly used it is not 
dangerous from the standpoint of electric 
shock because the power is low. However 
if the welder’s hands are not protected 
from the high frequency current it may 
cause a painful burning sensation at the 
point of contact and may result in small 
skin burns which are difficult to heal. 
Good protection is now provided by ade¬ 
quately insulated electrode holders. The 
gases used to shield the arc are inert 
and have a high purity so there is no 
danger from this source. 

EQUIPMENT USED 

Inert-gas metal-arc welding has a wide 
range of application and a large variety 
of equipment is needed to meet the re¬ 
quirements of all applications. The type 
and amount of equipment depend on the 
welding requirements of each job and 
the number of duplicate pieces to be 
welded. 1 he absolute minimum essential 
equipment for manual inert-gas shielded 
arc welding consists of (1) a suitable 
torch or electrode holder for the electrode, 
(2) a supply of inert gas, (3) a gas reg¬ 
ulator and flowmeter, and electrical 
controls, (4) a source of welding cur¬ 
rent—a welding generator or transformer, 
(5) a source of cooling water and (6) 
suitable hose and cable tor connecting this 
equipment. Additional equipment such as 
a motordriven carriage and welding fix¬ 
tures are usually used for machine weld¬ 
ing. 

Torch or Electrode Holder 

1 he torch or electrode holder is one 
of the most important items of apparatus 
for inert gas metal arc welding. Its 
giM>d performance is fundamental in the 
successful application of the process. 

I he sketch in big. 1 shows a sectional 
drawing of a holder with the essential 
working parts identified. The functions 
and requirements of each part of a holder 
will be described starting from the arc 
and progressing back to the welding 
machine. flic arc is an intense source 
of heat for welding. Most of the heat of 
the arc is absorbed by the base metal 
but a portion of the heat of the arc 
goes into the electrode. The electrode 
material should be practically non consum¬ 


ing and only two materials have been 
found to be usable. Tungsten electrodes 
are most generally used but carbon elec¬ 
trodes have found a limited use for low- 
current welding. The temperature of the 
end of the electrode is very high, being 
near the melting point of tungsten. The 
temperature differential between the end 
and the point of support of the electrode 
results in a considerable flow of heat into 
the holder. A portion of the heat in the 
electrode is radiated and some of this 
radiated heat is absorbed by the gas nozzle 
which surrounds the hot electrode. 

The electrodes are held in place by 
clamps or some other easily adjusted 
gripping devices. Another requirement of 
the electrode clamps is that they be 
interchangeable to accommodate a range 
of sizes of electrodes for the range of 
welding current for which the holder is de¬ 
signed. file clamps conduct the welding 
current from the holder to the electrode 
and also conduct heat from the electrode 
to the holder. 
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Fig. 1—Typical Electrode Holder for Inert- 

Gas Metal-Arc Welding 

I he principal function of the gas nozzle 
is to direct the flow of shielding gas 
around the electrode, arc and weld puddle, 
thus shielding them from the air. To 
accomplish this, the geometry of the 
gas nozzle must be such as to produce a 
uniform gas flow at the orifice of the 
nozzle. I he material of the nozzle must 
he highly heat resistant or capable of con- 
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ducting the heat away from the lower edge 
so that it does not overheat by radiation 
from the electrode. Gas nozzles are usu¬ 
ally made of refractory ceramic composi¬ 
tions or of metal. Metal nozzles for high 
welding currents are usually water-cooled. 

A further requirement of gas nozzles 
is that they be electrically insulated from 
the electrode potential or be made of a 
non-conducting material. This is neces¬ 
sary to prevent arcing from the gas nozzle 
to the work. The use of metal nozzles 
requires sufficient clearance between the 
nozzle and electrode to prevent injuring 
the nozzle by arcing. The service con¬ 
ditions for gas nozzles are so severe that 
they should be readily replaceable. It is 
also usually desirable to have nozzles of 
two or three sizes for the same holder to 
suit the welding current and other job re¬ 
quirements. Larger electrodes are re¬ 
quired to carry the higher welding current 
used for welding thick material, hence 
larger gas nozzles are used. 

The body of the holder supports the 
electrode and should hold the gas nozzle 
concentric with the electrode. The 
holder must also conduct the welding 
current and gas from the flexible leads to 
the electrode clamp and gas nozzle, re¬ 
spectively. When water cooling is used 
the water should be circulated to a point as 
close as practical to where the electrode is 
gripped. The water flow may also be used 
to cool the current conductor in the holder 
so that lightweight construction may be 
used. This is particularly important in 
the manual type holder. When no water 
cooling is used, the current capacity and 
duty cycle are determined by overheating 
of parts of the holder. The temperature 
of the handle should never become high 
enough to produce discomfort when a 
welder holds the handle in his gloved 
hand. The shape of the body of the 
holder is determined by its intended use. 

A manual holder should be of the lightest 
permissible construction and have a handle 
positioned at an angle of 90 deg. or 
greater with the axis of the electrode. 
The location of the handle relative to the 
arc should be determined by the current 
capacity of the holder and by its ability 
to be used in restricted areas. A straight 
barrel type holder is generally more suited 
for machine welding. A straight holder 
may be mounted on a travel carriage using 
the same positioning fixture as used with 
oxygen-cutting equipment. 


The electrode holder must be supplied 
with electric current and shielding gas. 
Water-cooled holders must have a supply 
of cooling water. This is conducted to 
the holder by means of flexible tubes and 
copper cable. When the holder is of the 
manual type it is usually desirable to 
cool the conductor cable by enclosing it in 
one of the water supply tubes or hose, 
which permits a very light flexible con¬ 
ductor. The insulation of the cable must 
have sufficient dielectric strength to help 
prevent excessive leakage of high- 
frequency stabilizing voltage when it is 
used, hinally, it is necessary to protect 
the electrode leads from abrasion, hot 
objects and other service conditions. It 
is convenient and desirable to enclose 
or tie all leads together for about 10 ft. 
from manual-type holders. 

Shielding Gas 

hither argon or helium is used as the 
shielded gas for practically all applications 
of this process. These two gases are 
monatomic and welding arcs in an at¬ 
mosphere of either argon or helium are 
remarkably smooth and quiet. 

Both the argon and helium used must 
be of high purity. The presence of small 
amounts of moisture, hydrogen or hydro¬ 
carbons will result in porous welds. As 
a result, the argon or helium used as the 
shielding gas should be of 99.8% mini¬ 
mum purity. Many other gases and gas 
mixtures have been tried, but they all 
have some deficiencies causing rapid ero¬ 
sion of the electrode, porosity in the weld 
metal or arc instability. 

The basic characteristics of argon and 
helium may be briefly summarized as 
follows: 

Argon provides a better cleaning action 
for aluminum and magnesium when weld¬ 
ing with alternating current. Under 
similar welding conditions, less argon than 
helium is required and with alternating 
current argon provides a more stable arc. 

Helium, for a given current, provides 
a higher arc voltage and a higher welding 
heat. 

Control Equipment 

The selection of control equipment for 
inert-gas metal-arc welding is largely a 
question of economics. One important 
purpose of control equipment is to save 
gas; another purpose of control equipment 
is to save welding time. In simple ap- 
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plications where the use of the holder is 
infrequent, only the most essential control 
equipment is justified. On the other hand 
where the process is used continuously in 
production involving elaborate jigs and 
the fabrication of high cost materials it 
is economical to provide the necessary 
control equipment. 

Gas-control equipment should provide 
a uniform flow of the desired quantity 
of gas during the time it is needed. Gas 
is usually supplied in high pressure cyl¬ 
inders or by a piped system supplied from 
a cylinder manifold. In either case a 
pressure regulator is necessary to provide 
for a uniform flow. A graduated glass 
tube flowmeter is used to indicate the rate 
of flow. These flowmeters are supplied 
either separately, so they can he installed 
anywhere in the line, or incorporated with 
the regulator. A flow of gas is needed 
for a short period of time before the arc 
is struck in order to purge the gas lines 
and holder of air. The gas flow is 
necessary, of course, during welding and 
it is also necessary for the gas to flow 
after the arc is broken until the tungsten 
electrode has cooled down to black heat 
to protect the electrode from oxidizing 
in the air. 

In most welding operations the arc is 
maintained for only short periods and 
there are many starts and stops during a 
day’s operation. In order to avoid wast¬ 
ing gas it should be very convenient for 
the welder to turn the gas off and on at 
the proper time. An electric solenoid ga^ 
valve or quick-acting, mechanical valve 
may he installed in the gas line which 
can be controlled at or near the point of 
welding. The gas valve control can be 
tied in with arc control apparatus so 
that its operation is automatic. 

Control of welding current can he 
divided into three different categories. 
Probably the most commonly used control 
operation is to break the welding current 
at the end of the seam. In manual welding 
it is a simple matter to break the arc 
but in machine welding it is usually de¬ 
sirable to break the current at some other 
point in the welding circuit than the arc. 
Breaking the welding current may be done 
in many ways, but a common method is to 
have a contactor in the circuit. It is 
sometimes necessary and desirable to 
decrease the welding current rapidly but 
not instantaneously at the end of a weld 
so that weld craters may be filled up or 


be eliminated. One method of accomplish¬ 
ing this with motor-generator welding 
machines is to shut off the power supply 
and let the inertia of the machine fade 
off the welding current. Another type 
of welding current control is the use of 
remote current control to adjust the weld¬ 
ing current throughout the welding cycle. 
Foot control is often employed. Current 
adjustment of this nature is quite useful. 

It is often desirable to start the arc 
without touching the electrode to the 
work-piece, principally to avoid contam¬ 
ination of the electrode. This is usually 
accomplished by a high-frequency spark 
across the arc gap. High-frequency start¬ 
ing is very convenient for remote control 
starting for machine welding and it can 
be used with both alternating and direct 
current. 

Most electrode holders are water-cooled 
and the continued flow of the proper 
volume of water is vital in the protection 
of the holder and water-cooled current 
cables. It the water supply should fail, 
a method of control should be provided 
to stop the welding operation. One 
method is to use a water-cooled, fusible 
link in the welding current lead. Another 
is to provide a water interlock in the 
electrical control circuit which is actuated 
by a pressure switch on the discharge 
water, or by a water-flow switch. 

A final step in control of inert-gas 
metal-arc welding is automatic control 
of arc length. This involves an automatic 
welding head which is an elaborate piece 
of equipment as compared with the control 
equipment previously discussed. An 
automatic welding head raises and lowers 
the electrode holder to maintain a constant 
arc length as it traverses a work-piece 
of uneven contour. Usually only pro¬ 
duction jobs of large quantities justify 
the use of an automatic head. Another 
method is to u>e a shape-tracing machine 
which follows a template. The mounted 
torch will weld a complicated curved 
section of the same shape as the template. 

Unbalanced vs. Balanced Wave Alter¬ 
nating Current Machines 

For welding aluminum, magnesium 
and beryllium copper two general types 
of welding circuits are employed, both 
using alternating current. One is an a.c. 
transformer having superimposed high 
frequency in the welding circuit for 
arc stabilization. These transformers have 
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open-circuit voltages of about 60 to 100 
volts which is sufficient to maintain stable 
arc conditions. As the welding current 
goes through the zero point of the usual 
a.c. wave, there is the possibility of partial, 
incipient or complete rectification of the 
reverse-polarity cycle. This loss of part 
of the welding cycle results in loss of 
cleaning action, uneven heating and un¬ 
even weld appearance. A high-voltage, 
high-frequency current of low amperage 
is therefore superimposed on the usual 
60-cycle alternating welding current in 
order to stabilize the arc. 

However, one other disadvantage re¬ 
sults from the use of the usual arc-welding 
transformer in conjunction with this proc¬ 
ess, namely that the welding current 
becomes unbalanced. There is always a 
d.c. component, that is the straight- 
polarity half of the a.c. cycle is of greater 
amplitude and duration than the reverse- 
polarity half of the a.c. cycle. This 
necessitates substantial derating of the 
usual transformer. 

With an unbalanced w ? ave transformer 
a higher welding current can be carried 
by a given size electrode, but the dis¬ 
advantages are that the transformer core 
becomes saturated due to the d.c. com¬ 
ponent with the resulting higher primary 
current flow’. The transformer must 
therefore be derated to about 70% for 
inert-gas metal-arc welding as compared 
to shielded metal-arc welding. 

The other type of transformer wielding 
machine now being used employs series 
capacitors giving a balanced wave type; 
that is the reverse polarity and straight 
polarity half cycles are approximately 
of equal amperage and duration. Weld 
penetration for a given amperage is also 
somewhat higher than that possible with 
the unbalanced wave. (See Chapter 8 for 
further information on welding machines 
and other equipment.) 

Auxiliary Equipment 

Mechanized or semi-automatic applica¬ 
tions of inert-gas metal-arc welding 
usually require a travel carriage on which 
to mount the holder in order to traverse 
the work at uniform speeds. The travel 
carriage should be provided with a mount¬ 
ing bracket for the holder so that it may 
be easily and quickly adjusted vertically 
and normal to the direction of travel. The 
carriage should have a steady rate of 


travel adjustable over a range of speeds 
for which the process is suited. A speed 
range of from 6 to 60 in. per min. will in¬ 
clude the majority of the applications al¬ 
though welding speeds up to 150 in. per 
min. have been reached. The carriage 
and track must be stable in order to main¬ 
tain the arc length within close tolerances 
Equipment used for machine oxygen cut¬ 
ting will usually be found suitable for 
machine inert-gas metal-arc welding. 

Mechanical feeding of welding rod is 
quite often necessary for mechanized in- 
*~rt-gas metal-arc welding. Fillet welds 
in all materials require the addition of 
filler metal. Butt joints in material 
thicker than Vic in. usually require the 
addition of filler metal to maintain full 
section welds. Filler metal can often 
be preplaced in the joint before welding 
hut this usually complicates the fit-up and 
is seldom practical. Filler metal is fed to 
the arc ahead of the electrode, and is 
melted w ithout touching the electrode. 

1 he molten metal runs under the electrode 
and flows up behind the arc to form the 
fillet or the weld reinforcement. In most 
cases the filler metal can be fed to the arc 
at a steady rate and the resulting welds are 
uniform in section and in appearance when 
the proper welding procedure is used. 

The inert-gas metal-arc welding proc¬ 
ess has found a wide field of application in 
material thicknesses of V« in. and less. 
The most important factor in welding thin 
material is having accurate jigs and fix¬ 
tures for holding and positioning the work. 
Jigs can be constructed so that they will 
move under a fixed position holder or so 
that the torch moves over the jig. One 
main function of jigs and fixtures is to 
hold the edges to be joined together and 
in alignment while welding. Another 
common function is to provide support 
and protection to the under side of the 
weld bead. In the design of jigs cogni¬ 
zance must be taken of the heat flow prob¬ 
lem from the standpoint of maintaining a 
constant temperature of the jig itself and 
not draining the welding heat from the 
joint too rapidly. Thin material must 
be supported close to the edge of the 
joint and the heat drain problem is 
difficult when the material has high heat 
conductivity. Each weldment usually 
requires a special jig and the design and 
construction of the jig must be determined 
by the user. 
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CONSUMABLE ELECTRODE 

METHOD 

A new method of inert-gas inetal-arc 
welding has recently been introduced. 
This method is distinctly different than 
the method previously described in this 
chapter in that the electrode is consumed 
and transfers to the weld puddle where 
it becomes part of the joint. The elec¬ 
trode consists of a continuous bare wire, 
usually similar in composition to the base 
material, and is fed into the arc at the 
rate at which it is consumed. Direct 
current is used and other characteristics 
are similar to the characteristics of the 
methods using tungsten or carbon elec¬ 
trodes. However, the deposition rates are 
higher for this method than for the 
methods using non-consuming electrodes 

1 his method is relatively new and 
further development is now in progress. 
Both manual and machine equipment are 
available. With manual equipment, weld- 
can he made in all positions. 

In machine welding a conventional 
type automatic welding mechanism is used 
to teed the electrode t<> the arc. the rati 
of feed being controlled by the arc voltage 

Manual equipment includes a welding 
gun which is connected by means of tlexi 
ble hose to a wire feeder and the operation 
of the gun is continuous for long length- 
of weld. Electrodes are available in coil- 
in sizes ranging from '/ >•.• to */ te -in. diam 
and they are flexible enough to allow tree 
manipulation of the gun. Very high cur¬ 
rent densities are used in the electrodes, 
for example 400 amp. for Vw-in. diameter. 

I his use of high current densities results 

• 

in a smooth arc and a sprav-tvpe metal 
transfer with very little spatter. 

This method of inert-gas metal-arc 
welding has been developed for welding 
aluminum and stainless steel, but pre 
liminary studies indicate that it will be 
suitable for all metals and alloys com 
monly arc welded. These include mag 
nesium, copper, aluminum bronze, nickel 
and Monel as well as plain carbon and 
low-alloy steels. There appear to he 
particular advantages for this method in 
making small, well-shaped fillet weld- at 
high speed, even on heavy material Fur¬ 
ther information on this method of inert- 
gas metal-arc welding will be found in 
-ome of the articles listed in the bibli¬ 
ography at the end of this chapter and 
future developments will no doubt be re¬ 


ported in 7 he Welding Journal and other 
technical publications as they occur. 

COMMON APPLICATIONS 

Aluminum and magnesium are now be¬ 
ing welded with inert-gas metal-arc weld¬ 
ing because of high weld quality and low 7 
overall cost. Figure 2 shows the welding 
of an aluminum pressure vessel in which 
the welding is done from both sides. Since 
no flux is required, no flux can be en¬ 
trapped in the weld and therefore the cor¬ 
rosion resistance of the weld is improved. 
Mux cleaning is eliminated and sound 
welds of good tensile strength and ductility 
are produced. The ease of welding with 
this process has also played a large part 
in its increased use. 



Fig. 2.—Inert-Gas Metal-Arc Welding Alumi 

num Pressure Vessel 


The process is being used for welding 
-beet steel. A high manual welding speed 
i- possible with resulting low distortion 
of the welded assembly. No flux is re¬ 
quired and therefore flux cleaning is elim¬ 
inated. The amount of weld reinforcement 
ran be controlled closely because the weld- 
mg rod is added separately and therefore 
the grinding costs are much lower where 
the reinforcement must be removed. 
This is particularly true in the case of 
butt welding automobile fenders and 
bodies. Figure 3 show's an automobile 
fender which has been fabricated by inert- 
gas metal-arc welding two drawn parts. 
In many cases the grinding costs arc 
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many times greater than the welding cost 
so that the resulting reduction in grinding 
cost has lowered the overall joining 
cost by a considerable amount. The 
same reasons apply to welding of thin 
sections of practically all other metals, 
such as stainless steel, low-alloy steel, 
copper, high-temperature alloys, etc. 

Another important reason for use of 
this process for welding stainless steel of 
all thicknesses is the saving in the cost of 
filler metal; over 90 c /c of the welding 
rod is deposited as weld metal. Also less 
time is required for wire brushing and 
chipping between weld passes in multiple- 
pass welding of heavy material. Figure 4 
shows the welding of a stainless steel 
box by use of an electrode holder which 
is mounted on a template-guided carriage. 

The welding of deoxidized copper has 
increased because sound welds can be made 
at a high rate of welding with a copper 
welding rod so that the resulting welds 


have good corrosion resistance, tensile 
strength and ductility. Peening is not 
required with the use of a string bead 
technique. No flux is required and 
therefore no flux can become entrapped in 
the weld metal so that the resulting corro¬ 
sion resistance is good. For further in¬ 
formation on the welding of a particular 
metal refer to the chapter on that metal. 

The process is now being used for 
surfacing because the resulting dilution 
of the surfacing alloy with the base metal 
is low and there is little porosity. 

Many dissimilar metals are being joined. 
Because the weld puddle can be seen 
so clearly, and because the welding rod 
is added separately, very good control of 
filler metal addition is possible. This 
is important in welding most dissimilar 
metals. Excessive dilution of the dis¬ 
similar metals is usually to be avoided. 
A fast rate of welding with little resulting 
distortion is possible. 
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CHAPTER 13 


SUBMERGED ARC WELDING* 


FUNDAMENTALS OF PROCESS 

Definition and General Description 

Submerged arc welding is an arc¬ 
welding process wherein coalescence is 
produced by heating with an electric arc 
or arcs between a bare metal electrode' 
or electrodes and the work. The welding 
is shielded by a blanket of granular, 
fusible material on the work. Pressure 
is not used and filler metal is obtained 
from the electrode and sometimes from a 
supplementary welding rod. 

[Note: The granular, fusible material 
mentioned above has been variously 
called welding composition, melt, flux, 
etc. While this material is not properly 
designated as a flux because it performs 
more than the functions usually ascribed 
to a flux, the term flux will be used in 
this chapter for purposes of simplicity.] 


come molten and molten filler metal is 
deposited from the metal electrode onto 
the work. The molten filler metal dis¬ 
places the fluid flux and forms the weld, 
the shape and volume of which depend 
upon the speed of electrode travel and 
other conditions. As welding progresses, 
both the molten filler metal and the 
molten flux forming a fluid protective 
blanket above the filler metal, cool and 
solidify under the unfused flux. There 
is some chemical reaction between the 
molten metal and the molten flux. Fig¬ 
ure 1 shows how a single-vee groove 
weld is made. The fused flux floats to 
the top of the deposited metal and solidi¬ 
fies in the form of a brittle slag, which is 
readily removable. 

Characteristics of Process and Effect 
on Materials Welded 


Principles of Operation 

The welding operation may be started 
by any one of several methods. Most 
often it is started by striking an arc be¬ 
neath the flux on the work. It may also 
be started by creating an ionized path by 
use of a high-voltage, high-frequency 
current or by initially interposing a piece 
of steel wool, carbon or other high-resist¬ 
ance conductor between the electrode and 
the work. The heat produced by any 
of these methods melts the immediately 
surrounding flux so that it forms a sub¬ 
surface conductive pool which is kept 
fluid by the continued flow of welding 
current. The end of the metal electrode 
and the work-piece directly under it be- 
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t Sometimes a lightly coated electrode is used. 


Submerged arc welding is characterized 
by the use of high welding currents. The 
current carried in relation to the cross- 
sectional area of the electrode is often as 
much as six times as great as in manual 
shielded-metal-arc welding. Due to these 
factors the melting rate of the electrode 
is proportionally higher and the speed of 
welding greater. 

In general the melting rate is affected 
by the type of electrode, flux, type of 
current (and polarity if d.c.) and ex¬ 
tension of the electrode beyond the point 
where the current is introduced. A typi¬ 
cal melting rate curve for mild steel elec¬ 
trodes is shown in Fig. 2. 

Deep penetration can be obtained; con¬ 
sequently no groove or a small groove 
may be used, depending upon the thick¬ 
ness of the base metal, with correspond¬ 
ingly smaller additions of filler metal. 
No chamfering is necessary for two-pass 
butt joints in steel up to 6 /a in. in thick¬ 
ness for many types of application and 
complete penetration can be obtained in 
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Fig. 1.—Single-Vee Groove Weld by Submerged Arc Welding 


tee joints for material up to '7<-in. thick 
without chamfering. For joints in thicker 
material, a doublc-Vee groove weld is 
used, made with one pass from each side. 
Back chipping of the root is not necessary 
dnce, when welding on the second side, 
the penetration is great enough to extend 
into the weld made on the first side, 
figure 3 shows typical relations be¬ 
tween penetration and applied current. 


The size of the groove and the amount 
of filler metal deposited by the higher 
current used to obtain deep penetration 
must he balanced if excessive reinforce¬ 
ment is to he avoided. Because of the 
deep penetration nearly two volumes of 
base metal are melted for each volume 
of filler metal melted. Hence the base 
metal so nearly determines the chemical 
and mechanical properties of the weld 
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metal that for many of the low-alloy steels 
it is not necessary to use electrodes of the 
same composition as the base metal. 

Cleaning of Welds .—Under usual weld¬ 
ing conditions the quantity of flux which 
is melted weighs approximately the same 
as the electrode which is added. The 
unfused flux may be re-used after collec¬ 
tion manually or by mechanical means 
such as by a suction unit similar to an 
industrial vacuum cleaner. Under certain 
conditions, the fused flux may be ground 
and re-used. 


tions is consistently close to the values 
given in Table 1. 

Distortion .—With this process distor¬ 
tion of weldments is minimized because 
of the high welding speeds, minimum 
number of passes and efficient application 
of heat. Uniform application of heat and 
controlled welding conditions make dis¬ 
tortion readily predictable so that it can 
be effectively offset. 

Angular distortion of butt joint as¬ 
semblies is generally small because of the 
balanced condition through the thickness 



Fig. 3.—Penetration vs. Applied Current 


Shrinkage .—The shrinkage in sub¬ 
merged arc welds is generally so small 
that it can be ignored. On long joints, 
however, it is measurable and average 
values are indicated in Table 1. 

Transverse shrinkage of welds in butt 
joints will increase with an increase in 
root opening, with large groove-dimen¬ 
sions and with welding conditions which 
produce a wide weld. Longitudinal 
shrinkage of butt joints seems to be inde¬ 
pendent of these variables but is affected 
by plate thickness. Shrinkage in thin 
plates may be as much as 50% greater 
than the averages given in Table 1. 
Shrinkage of fillet welds in both direc- 


of the joint. Distortion due to an un¬ 
balanced heat condition, as in single 
groove, multipass welded joints can be 
obviated by presetting the base metal 
parts to offset an angular movement de¬ 
termined by experience. Preset is de¬ 
pendent upon the thickness, width and 
shape of the members welded. For many 
cases, allowance for a 2-deg. angular 
movement is about right. 

Angular distortion of the flange mem¬ 
ber of fillet-welded tee joints decreases 
the angle between flange and web by 
about 1 deg. 30 min. for V* to s /<-in. 
single-pass fillet welds. This distortion 
can be avoided by elastically prebending 
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(bowing) the flange member in the op¬ 
posite direction to a greater angle (about 
7i in. deflection per ft.) or by plastically 
presetting the flange in a press 1 deg. 30 
min. (Via in. per ft.) ; or it can be cor¬ 
rected by flame straightening after weld- 
ing. Multiple-pass welding will increase 
this distortion, but not in proportion to 
the number of passes. 


merged arc welds are no greater than 
those in ordinary arc welds joining similar 
weldments. Selected references appear 
in the bibliography at the end of this 
chapter, and further references may be 
found in Chapter 43. 

Weld Quality 

Submerged arc welds are generally 
strong, ductile, uniform in appearance. 
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( lop ) As-welded; (Hut tom) After heating f.»r > In it 174 *° it 1 
completely removed. “ 1 ] ' A ~ r - columnar structure almost 


Fig. 4 —Submerged Arc Weld in 2-In. Plate 


Distortion in the longitudinal direction 
• > relatively uniform since the weld is 
generally continuous irom end to end oi 
die joint. It manifests itself by a uni- 
•orni bowing of the .structure, which can 
be compensated for by elastic prebending 
as is practiced in the welding of center- 
s dls for railroad cars or bv balanced 
"elding, as is possible in fabricating bi¬ 
sections and box sections. 

Residual Stresses .—Investigations have 
disclosed that the residual stresses of >ub- 


'irn>e and have an unusually low nitrogen 
content. Mechanical properties of sub¬ 
merged arc welds are at least equal to 
‘T belter than, those of the base metal’ 
1 ables 2 through 7 give the mechanical 
properties of submerged arc welds in 
Nar.ou r ferrous and nonferrous materials. 

miormly high quality welds require 
good quality homogeneous base material 
irev irom rust, scale, moisture and other 
NU . r . ,a " “"Purities. Special techniques 
which may require some sacrifice in weld- 
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ing speed and efficiency, must be used 
when welding less homogeneous material 
containing slag or other imperfections. 
Segregated sulfides in the base metal are 
particularly undesirable since heavy sul¬ 
fide banding or segregation has been 
found to contribute to cracking along the 
dendritic boundaries as the weld metal 
cools. The length of such cracks can be 
minimized by multiple-pass welding. 

IVeld Structure .—The distinct dendritic 
structure revealed in macroetched cross- 
sections of single-pass welds made by the 
submerged arc process has sometimes 
been misinterpreted. Dendritic structure 
as encountered in castings, is generally 
considered undesirable, and it is quite 
natural that experienced investigators in 
some instances, have assumed that a sim¬ 
ilar structure in a weld is also unsatisfac¬ 
tory. However, test data and service 
experience have proved conclusively that 
such assumptions are unfounded and that, 
in the as-welded condition, the welds 
possess the desirable combination of 
strength and ductility. It has been shown 
that, in spite of its dendritic structure, the 
weld metal is more amenable to normal¬ 
izing and recrystallization than the base 
metal, as can be seen in Fig. 4. More¬ 
over, it has been definitely established that 
the shielding afforded by the flux against 
contamination by the atmosphere has 
much to do with the very good physical 
properties of the finished weld. In the 
as-welded condition, the fatigue strength, 
impact resistance, creep resistance and the 
normal and high-temperature tensile 
strength of the welds are generally equal 
to or superior to the corresponding prop¬ 
erties of the base metal. 

Welding Technique 

Both butt and fillet welds can be made 
in the flat and horizontal positions, but 
so far the process has not been applied 
in the vertical and overhead positions. 
Welds made downhill have shallow re¬ 
inforcement, sometimes hollow at the 
center, and may lack penetration, since 
the molten puddle has a tendency to flow 
ahead of the electrode and cushion the 
penetrating action. Permissible slopes at 
which welding can be done depend on the 
Vyy.e of the molten pool of metal and 
amount of flux and may be as much as 
20 degrees. 

Circumferential or girth welds on ro¬ 
tating cylindrical assemblies are made 


by positioning the electrode ahead of the 
top center position so that the weld metal 
has a chance to solidify before the down¬ 
hill slope becomes too great. This posi¬ 
tion is determined by experience. Figure 
5 contains typical electrode positions for 
girth seams. The diameter of the as¬ 
sembly and the amount of fused flux that 
can be balanced are interdependent. 

7* TO 10* 


‘i 



Fig. 5.—Electrode Positions for Girth Welds 


of 

Drum. In. 

X, In., (approx.)' 1 

36 

to 42 

1 “V 4 

4 2 

to 48 

> 

48 

to 72 

2 1 /a 

72 

and up 

2V~- to 3 1 , 2 


a X should not vary more than Vs in. from 
a given setting for uniform results. If electrode 
is inclined as shown, X should be V< in. greater. 
For inside welds add V* in. for each 200 amp. 
above 1300. 

# 

Figure 6 shows the maximum usable 
currents for various girth diameters under 
normal welding conditions. The maxi¬ 
mum usable current is affected by the 
welding speed and fluidity of the weld 
metal and flux. 

Horizontal butt welds are made by 
preventing the free flow of the flux with 
suitable mechanical dams. Surface build¬ 
up with horizontal multiple-layer beads 
is made on vertical surfaces by this pro¬ 
cedure. 

Welding conditions generally require 
that a backing be used to prevent the 
molten metal from running out of the 
weld puddle. The usual backings are 
copper bars or water-cooled copper shoes 
or refractory material, eg., flux. A 
large root face, a manual weld deposit, 
and a steel backing which becomes an in¬ 
tegral part of the joint, are also used. 

When a steel backing is used it should 
he continuous for the full length of the 
joint and not made up of short pieces 
butted end to end. Discontinuity in the 
length of an integral steel backing con- 
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Fig. 6.—Maximum Welding Current for Girth Joints 


stitutes a bad notch where longitudinal 
shrinkage may cause a transverse crack. 

Cross-sections of the various forms of 
joint are shown in Figs. 7, 8 and 9. It 
will be noted that the illustrations show 
close fitting of the parts. This is highly 


desirable to assure sound welds and is 
essential if the molten metal is to be sup¬ 
ported by the abutting faces of the joint. 

Joint Design and Welding Conditions 

Tables 8 through 18 give details of 




Fig. 7.—3ingl«'Pas3 Groove Welds in W*. */•. V». 1 and l»/*-In. Steel Plates with Suitabl 


Backing to Insure Complete Penetration 
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typical joint design and welding condi¬ 
tions. The tables have been prepared as 
a composite of published data from vari¬ 
ous sources and the ranges of values are. 
therefore, broader than those usually 
shown. While suitable as a guide, this 
information should be modified to suit 
each particular application. 



Fig. 8.——Butt Joint Made with Two Welds, 

One on Each Side 

l sed for plate Va in, or more in thickness. 


EQUIPMENT USED 
Welding Heads 

The specially designed welding heads 
most frequently used for this process per¬ 
form the triple function of progressively 
depositing the flux along the joint, feed¬ 
ing the electrode, and transmitting weld¬ 
ing current to the electrode. The flux is 
usually supplied from a hopper, either 
mounted directly on the head or con¬ 
nected to the head by tubing. The bare 
electrode is fed into the welding head in 
straight lengths or from a coil mounted 
on a reel. The distance between the end 
of the electrode and the base metal is 
maintained constant by a special auto¬ 
matic control which usually regulates the 
electrode feed by transmitting any slight 
variations in voltages across the welding 
zone into compensatory variations in the 
operations of the electrode-feed motor. 

Electrical Equipment 

Either a.c. or d.c. at from 20 to 55 
volts across the welding zone can be 
used. Currents generally used are much 
higher than those used with other arc¬ 
welding processes and the largest avail¬ 


able standard welding equipment can 
handle up to 4000 amperes. 

Alternating current may be supplied 

. . welding transformers 

(1000 amp. capacity or larger) with 
built-in motor-controlled reactors for 
adjustment of the welding current, and 
primary current contactors. These or 
smaller transformers of the same open 
circuit voltage may be paralleled when 
currents greater than those obtainable 
from a single transformer are required. 

Direct current is generally supplied 
by standard single-operator motor-gener¬ 
ator sets of a capacity suitable for the 
application. If the current required ex¬ 
ceeds the output of a single generator 
(generally 300, 400 or 600 amp. capacity), 
two or more generators of the same type 
may be paralleled. Generating units of 
1200 amp. capacity are available consist¬ 
ing of two 600-amp. generators closely 
coupled to each end of a single motor. 

1 he intensity of the welding current of 
these d.c. machines is varied by means 
of held resistors or held taps. On certain 
applications constant-potential, d.c. gener¬ 
ators may be used. In these installations 
variation in current is obtained by vary¬ 
ing the series resistance. It is obvious 



Fig. 9.—Double-Vee Groove Weld with Manual 

Backing Weld 

that, because of the switching combina¬ 
tions necessary to effect a change in 
current, such an installation is desirable 
only in mass-production operations where 
the current need not be changed fre¬ 
quently. 

The output from d.c. generators is con¬ 
trolled either by a large contactor in the 
welding circuit or by a small contactor 
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Electrodes 

The electrodes commonly used with 
this process are bare rods or wires with 
clean bright surfaces to facilitate the 
introduction of the relatively high cur¬ 
rents. Electrodes are normally used in 
the form of coils, although sometimes 
straight lengths up to 16 ft. long are 
used. Steel wire of composition that 
might readily rust is originally lightly 
copper-coated to retard rusting and im¬ 
prove the contact surfaces. 

Rod is used for electrodes in the follow¬ 
ing compositions depending on the ma¬ 



in tlie generator held circuit, depending 
upon the construction of the generator. 

Equipment Installations 

Figure 10 indicates schematically typi¬ 
cal equipment required for a fully auto¬ 
matic submerged arc-welding installation. 
Figure 11 shows one form of manually 
operated equipment. With this equip¬ 
ment, the welding operator simply allows 
the electrode, which projects from the 
contact jaw, to melt off at a rate con¬ 
trolled by the current, at the same time 
maintaining the desired voltage by ele¬ 
vating or depressing the tip of the rod. 


Figure 12 indicates another type of manu¬ 
ally controlled semi-automatic equip¬ 
ment. Here only the direction of the 
weld is controlled by the operator; elec¬ 
trode feed, melting rate and voltage are 
automatically controlled. A high degree 
of maneuverability is possible with this 
equipment not only due to its design but 
also because of the small diameter of 
electrode used, current densities being 
somewhat higher than with fully auto¬ 
matic equipment. 

The welding head may be mounted on 
a movable carriage, which may be port¬ 
able, and thus moved in relation to the 
work; or it may be mounted on a station¬ 
ary support with the work moving be¬ 
neath it. For mass production operations, 
the welding head is usually built into the 
work-handling and jigging equipment. 
Details of various methods of application 
will be found in articles listed in the 
bibliography at the end of this chapter. 

Vacuum units for the recovery of un¬ 
fused granulated materials for re-use may 
be electric motor or air operated. 


terial being welded and the flux used: 

(a) Low-carbon steel—for welds in 
55,000 to 65.000 psi. tensile steels, and 
in high-tensile steels if stress relief is 
not required. 

( b ) Low-carbon alloy steel—for 
welds in 70,000 psi. and other high- 
tensile steels. 

(c) Special alloy steels to meet 
chemical composition requirements of 
SAE constructional steels. 

( d ) High-carbon and high-carbon 
alloy steels for surfacing. 

( c) Stainless steel and nonferrous 
alloys of composition to match the base 
metal. 

Fluxes 

The fluxes used with submerged arc 
welding are granulated, fusible mineral 
materials which are substantially free 
from substances capable of evolving 
large amounts of gases during welding. 
Although silica is an ingredient, there is 
no free silica in the finished product and 
no health hazard in its normal use. 
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Fig. 12.—Schematic Drawing of Typical Semi-Automatic Submerged Arc Welding Equipment 


These fluxes are made to several suitable techniques and materials. Under 
chemical specifications and several ranges favorable conditions, copper can be suc- 

of particle size. The choice will depend cessfully welded. Experimental work in- 

upon the welding procedure to be em- dicates the possibility that aluminum can 
ployed, the type of joint and composition also be welded, 
of the material to be welded. Alloying 
elements may be included in the flux to Industrial Uses 
be introduced into the weld metal during 

welding. Welds made by this process meet the 

rigid requirements of the AS ME Boiler 
COMMON APPLICATIONS Code for power boilers and for Para- 

Materials Which May Be Welded gra , ph , 

cepted by various insurance and mspec- 

By far the greatest application of sub- tion agencies. They are approved for 

merged arc welding has been in welding many ship-welding applications by the 

low-carbon steels and high-strength, low- American Bureau of Shipping, U.S. 

alloy steels. Straight chromium and aus- Coast Guard, by Lloyd’s Register of 

tenitic chromium-nickel steels are readily Shipping and by the U.S. Navy. 

weldable in all thicknesses. The welding Following are some of the industries 

of columbium-stabilized, chromium-nickel that find use for submerged arc welding: 

steel is limited to thicknesses in excess of Automotive (Chapter 54) ; Aviation 

7* inch. Higher alloy, air-hardening (Chapter 55); Pressure vessels and boilers 

steels are generally more readily welded (Chapter 51); Surfacing and Maintenance 

with this than with other processes, al- (Chapter 21); Domestic appliances ; Earth 

though special procedures using preheat, moving, grading and construction equip- 

postheat, and special welding techniques ment; Machinery (Chapter 49); Elec- 

may be necessary. trical; Ordnance; Piping and accessories 

Nonferrous alloys such as nickel, (Chapter 56); Railroad (Chapter 53); 

Monel, Inconel and copper-nickel, and the Shipbuilding (Chapter 52) ; and Struc- 

copper-silicon alloys are welded with tural Weldments (Chapters 47 & 48). 


Table 1—Shrinkage in Submerged Arc-Welded Joints 


Average Transverse Shrinkage per Joint 
Type of Weld 


Fillet Weld 

Web member joined to plate 6 /i« to ®/ia-in. thick 

One continuous fillet weld (leg size from Vi to Via in.) 

Two continuous fillet welds (leg size from Vi to s /a in.) 

Butt Weld 

Single-Vee butt joint (no root opening), Vi to ®/ie-in. thick 
Double-welded square butt joint (no root opening), Vi to 1-in. 


thick 


Average Longitudinal Shrinkage per Joint 
Type of Weld 

Single-pass butt weld or one continuous fillet weld 
Double-welded butt joint or two full continuous fillet welds 


Inches per Joint 


0.0065 

0.0130 


0.012 

0.024 


Percent of Length 

0.016 

0.033 
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Table 8—Single-Pass Groove Welds in Medium Carbon Steel with Copper Backing 
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WELDING 


Table 13—Double-Vee < 




Pass No. 

Current, 

Amp. 

Voltage, 

Volts 

Speed, 
In./Min. 

1 

1st Sidc& 

550 

28 

14 

2 


000 

28 

10 

3 


000 

28 

10 

4 


000 

28 

20 

«> 


000 

28 

10 

6 


600 

28 

18 

i 

2nd Side 

600 

28 

10 

8 


600 

28 

12 

9 


000 

28 

18 

10 


600 

28 

14 

11 


600 

28 

14 


a These data are suitable for 2-in. web plate; 
used for any thickness. 

l> Backing weld may also be made manually. 


Table 14—Fillet We! 



Weld Size, 
L, In. 


Current, 

Amp. 


Voltage, 

Volts 


V* 

375-400 

25 

8 /l8 

500-550 

27-28 

V« 

625-650 

27-30 

°/lfl 

650-700 

28-33 

*/e 

750-1000 

29-35 

Vs 

850-1000 

31-35 

*/« 

950-1050 

31-35 

*/i 

1050-1080 

31-35 

1 

1100 

35 


PROCESSES 


* 



Pass No. 

Current, 

Amp. 

Voltage, 

Volts 

Speed, 
In./Min 

12 2nd Side 

600 

28 

20 

13 

600 

28 

14 

14 

600 

28 

14 

15 

600 

28 

11 

16 

600 

28 

16 

17 

600 

28 

24 

18 1st Side 

600 

28 

16 

19 

600 

28 

16 

20 

600 

28 

16 

21 

600 

28 

18 

22 

600 

28 

28 


similar preparation and welding conditions can be 


Ids in the Flat Position 



'- UltLUUUt- 

Speed, Lb./Ft. 

In./Min. Diam., In. of Weld 


36-55 

Vs 

o.o-t 

32-42 

V 32 

0.07 

28-36 

B /32 

0.11 

22-24 

6 /32 

0.17 

18-26 

*/lS- 7 /32 

0.25 

13-15 

V 4— V 32 

0.43 

9-10 

V4-V3 2 

0.66 

7-8 

V4-V32 

0.95 

4-5 

V 32 

1.72 
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Table 15““Fillet Welds in the Horizontal Position 



Weld Size, 

L, In. 



--——-- 



Current, 

Amp. 

Voltage, 

Volts 

Speed, 

In./Min. 

^ n, ice i roue 

Diam., In. 

Lb./Ft' 
of Weld 

Vs 

Vi« 

V« 

*/i« 

s /« 

350-375 

400-550 

450-625 

500-700 

600-750 

25 

26-28 

26- 30 

27- 33 

25-33 

28-55 

22-42 

20-36 

18-26 

15 

V8 

Vs— 1 Vs 2 

Vs- B /«2 

•V3L* 

& /az 

0.06 

0.09 

0.14 

0.20 

0.29 


Tabic 16 


Fillet Welds in the Flat 


Position Made With Edge Preparation 


HClDiNG POD 

V£ffr/C#L 


Zo*r 0 



CHIP OUT TACKS At/D COt/TlHUOUS 
6Q00VE /o'06CP BE CO PE 
WUD/M6 TA/S Side 


TACK THIS SI DC Otijt It. 
ASSEMBLi. IFJO/t/T/S 

hot httcd tightop a - ' 

IS iQBEGULAP USE STPiHGEP 
BEAD FULL LEHGTH PEMOJE 
BE FOPE COMPLET/rtG JO/HT. 


/. In. 

V. 

x. 

^— Welding 

Rod——x 


In. =*>/i# 

In. =**/i« 

Diam., In. 

Lb./Ft. 


v« 

V« 

■/• 

*/.« 

0.56 

First weld 

Vi 

V. 

V* 

v« 

0.72 

Final weld 
First weld 

1 

Vie 

Vs 



Final weld 

V* 

1 .33 

First weld 

1 V* 

Vie 

v« 

V 4 

2.75 

Final weld 
First weld 

I'A 

Vie 

7 /> 

V. 

3.00 

Final weld 
First weld 
Final weld 


Current, 

Amp. 

Max. Voltage 
Volts 

Speed, 
In./Min 

750 

30 

9 

800 

30 

7 

950 

30 

8 5 

1050 

30 


1050 

30 

o. o 

K 

1150 

30 

7 ^ 

1100 

30 

7 

1150 

30 

7 

1150 

30 

« 

ft ^ 

1200 

30 

6 
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CHAPTER 14 

STUD WELDING* 


FUNDAMENTALS OF PROCESS 

Definition and General Description 

Stud welding is an arc-welding proc¬ 
ess wherein coalescence is produced by 
heating with an electric arc drawn be¬ 
tween a metal stud, or similar part, and 
the other work part until the surfaces to 
be joined are properly heated, when they 
are brought together under pressure, and 
no shielding is used. 

The pressure exerted is nominal, being 
provided by the main spring of the stud 
welding gun, which acts upon and holds 
the stud in place until the weld is com¬ 
pleted. No shielding is provided as in 
the inert-gas shielded-arc process, but 
some shielding does result from the use 
of a ceramic ferrule surrounding the stud, 
which reduces atmospheric oxidation by 
limiting free access of air to the stud. 

Stud welding is very similar in many 
respects to manual metal-arc welding. 
The heat necessary for end-welding of 
studs is developed by passage of current 
by an arc from the stud (electrode) to the 
plate (work) to which the stud is to be 
welded. The process differs primarily in 
that establishment of the arc, determina¬ 
tion of the welding time, and the final 
plunging home of the stud to complete the 
weld are controlled automatically. This 
eliminates, almost entirely, possible oper¬ 
ator inconsistencies from the welding pro¬ 
cedure. 

Interest in stud welding was first 
aroused in Naval and other shipbuilding 
operations where the securing of wood 
decking to steel plates had been a serious 


* Prepared by a committee consisting of R. C. 
Singleton, Nelson Stud Welding Div., Morton 
Gregory Corp., Chairman; Charles Druetzler, 
GMC Electro-Motive Div.; A. C. Leigh, The 
Ingalls Shipbuilding ConJ-J C. A. Maxwell, 
The Babcock & Wilcox Co.; Ted Nelson, Nel¬ 
son Specialty Corp.; A. J. Raymo, The Baldwin 
Locomotive Works; Wilson Scott, Westinghouse 
Electric Corp.; R. F. Wyer, General Electric 
Co. 


problem since the first steel ships were 
built. It was evident that if the wood 
decking could be placed and secured from 
the top side without drilling the steel 
deck, the finished job would be more 
satisfactory than that secured by any 
method previously devised. It was this 
one particular application which kept in¬ 
terest alive in stud welding and led di¬ 
rectly to stud welding as it is used today. 

In the early development stages it was 
found necessary to maintain a constant 
arc length, and a consistent weld time, 
if satisfactory welds were to be obtained 
with any degree of regularity. It was 
also found to be an advantage if an arc- 
stabilizing and deoxidizing flux was used 
during the welding operation. The first 
step in this direction was the use of a 
loose flux which was poured into the hole 
drilled through the wood decking prior to 
the insertion of the stud for the welding 
operation. Since all work was done in 
the flat position, this procedure worked 
out fairly well. 

It was later found advantageous to use 
a means of holding the loose flux in place, 
to keep it from being scattered around 
under the wood decking before the weld 
could be made. It also proved necessary 
to protect the wood itself from charring 
while the weld was being made. The 
protection from charring was particularly 
essential in order to avoid contamination 
of the weld metal by the products of com¬ 
bustion of the wood and also to overcome 
the explosive emission of steam resulting 
from the moisture content of the wood. 
The answer to this problem was a lava- 
rock type of shield or ferrule consisting 
of a simple tube of porcelain-like mate¬ 
rial. The ferrule was inserted into 
the drilled hole in the wood decking prior 
to placing of the flux and insertion of the 
stud. 

Improvement in stud-welding equip¬ 
ment and control methods was slow but 
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steady. By 1937 it was possible to ob¬ 
tain reasonably consistent downhand stud 
welds with the relatively crude equipment 
then available. In the years from 1939 to 
1941 stud welding progressed tremen¬ 
dously. This was brought about primarily 
by three factors: (1) The development of 
the presently used method of loading flux 
into the end of the stud to permit the 
use of studs in all welding positions; (2) 
the. development of a stud-welding gun 
which could be used in all positions; and 
(3) the development of a spring, chuck 
and ferrule combination which made it 
possible and practical to hold the ferrule 
while the gun was being used to weld 
studs in all welding positions. These 
three developments immediately removed 
the stud welding gun from the category 
of a highly specialized tool for securing 
wood decking and changed it into an all¬ 
purpose tool which could be used for 
securing end-welded studs wherever it 
was necessary or practical for such fas¬ 
tenings to be made. 

Basically, the stud welding gun has 
changed very little since 1943 except for 
the refinement of the equipment, and 
further development in design of studs 
and ferrules. The present day stud 
welder may be used either as a portable 
or rigidly-mounted tool, and has been 
widely accepted in all industries. 

Principles of Operation 

I he stud-welding process involves the 
same basic principles as any of the other 
arc-welding processes. Application of the 
process consists of two steps: (1) De¬ 
veloping heat by drawing an arc between 
the stud and the plate to which it is to be 
welded; and (2) bringing the two pieces 
into intimate contact when the proper 
temperature is reached. 

The present equipment consists of the 
stud gun, a control unit (timing device), 
studs and ferrules, and an available 
source of d.c. welding current. The 
mechanics of the process are as follows : 

d he stud is loaded into the chuck, the 
ferrule is placed in position over the stud 
and the gun is properly positioned for 
welding. 1 hen the trigger is depressed, 
starting the automatic welding cycle. A 
solenoid coil within the body of the gun 
is energized lifting the stud, creating an 
arc and forming a molten pool on the 
plate and end of stud. When the arcing 
period, as pre-set in and controlled by the 


control unit, is completed, the welding 
current is automatically shut off, de¬ 
energizing the solenoid, and allowing the 
main spring of the gun to plunge the stud 
into the molten pool on the plate to com¬ 
plete the weld. 

Metallurgical Aspects 

berrous .—The metallurgical problems 
of stud welding are generally much the 
same as those encountered in any arc- 
wielding process where the heat of an 
electric arc is used to melt a portion of 
the base metal and the electrode in the 
course of welding. However, improved 
impact and fatigue properties are obtained 
because of the complete fusion of base 
metal. This condition is clearly shown in 
both macro- and micro-examination. (See 
big. 1.) A typical stud weld macrosec¬ 
tion (Fig. 1 b) shows the weld metal to 
be pushed toward the perimeter of the 
stud to form a fillet. A fairly large per¬ 
centage of the end area of the stud (base 
metal-unmelted) is touching the base 
metal of the workpiece. This reduces the 
amount of weld metal (cast structure) 
in the joint to a minimum. The various 
heat-affected zones common to arc weld¬ 
ing are present except to a lesser degree 
due to the short welding cycle. (Sec 
Chapter 3—Welding Metallurgy.) Micro¬ 
examination of a typical stud weld cross 
section (big. lc) shows that the zones 
and the microstructures present therein 
are typical of those found in arc welds 
made in mild steel 

Generally the same restrictions as to 
the weldability of ferrous materials, 
which apply to metal-arc welding may 
also be applied to stud welding. The 
usual carbon limit for plain carbon steel 
to be stud welded without preheat is 
0.30%. If sections are relatively light, 

/s in. and under, this limit may be raised 
somewhat due to the decreased cooling 
effect. If the section to which the stud is 
to be welded is heavy, stud welding of 
higher than 0.30% carbon steel without 
preheat is a questionable practice. In 
some instances where the base metal is 
quite cold the maximum permissible car- 
bon content will be lowered somewhat. 
Wlule sound welds may be obtained on 
the higher carbon and alloy steels, the 
danger of brittleness in the weld or heat- 
affected zone due to hardness resulting 
irom the quenching action of surrounding 
metal makes such welding practical under 




Fig. 1—Typical Stud Weld 

Sect.™ through Vs-in. diam. stud welded to V«-in. plate. Nital etch. 

(u) Stud weld macroscction. Note small amount of weld metal and complete fusion 
base of weld. Nital etch. 

(r) Stud wclrl microsection. See (h) for section location. Note stud base metal at top. 

neat-affected zone through the center and the base metal at bottom of held. Nital etch. 125X. 


across 


only very special and closely controlled 
conditions. It should be noted that for 
mild steel, the section thickness is rela¬ 
tively unimportant as far as weldability 
ib concerned. The most important factor 
in this respect is that the section thickness 
be heavy enough to permit the welding of 
studs without burning through. See 
Table 1 for minimum recommended plate 
thicknesses. 

If the medium and higher carbon steels 
are to be stud welded it is imperative that 
preheat he used in order to prevent crack¬ 
ing through the heat-affected zone. In 
some instances the combination of pre¬ 
heating and tempering after welding has 
proved to he very satisfactory. 

Stainless steels of all classes may be 
welded. However, only the austenitic 
stainless steels are recommended for gen¬ 
eral application as other types are subject 
to air hardening and will have brittleness 


in the weld area unless preheating or 
tempering is used. The weldable grades 

include AISI types 304, 307, 309. 310 
and 347. Type 304 (18 Cr-8 Ni) is tin¬ 
type most commonly used for stud weld¬ 
ing. (See Chapter 31—Austenitic Steels, 
for analyses of these types.) 

Stainless steel studs may be readily 
welded to stainless steel or to mild steel 
as the application may require. The 
welding setup used is the same as that rec¬ 
ommended for ordinary steel except for 
an increased power requirement (about 
10 %). 

The low-alloy, high-tensile steels such 
as Yoloy, Cor-Ten, N.A.X., Mayari R. 
Otiscoloy, R.D.S., etc., are satisfactorily 
stud welded when the carbon content is 
held to 0.12% maximum. This maximum 
fits generally the analyses of the above 
materials where they are supplied for 
welding and forming operations. If the 
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carbon content exceeds the above noted 
maximum, it may be necessary to resort 
to moderate preheat in order to obtain re¬ 
quired toughness in the weld area. 


Tabl* 1—Minimum Recommended Plate 

Thickness 0 


Stud Size 
(Diam., In.) 

Mild Steel, 

In. 

Stainless Steel, 
(AIS1 304), 
In. 

8-32 

0.036 


10-24 (Via) 

0.036 

0*036 

Vi 

0.048 

0.048 

B /i« 

0.054 

0.054 

*/• 

0.063 

0.063 

7 /l« 

0.078 

0.105 

V* 

0.094 

0.135 

V* 

0.125 

0.156 

3 /i 

0.1 56 

0.250 


“ Thickness necessary to obtain a satisfactory 
weld without burning through the plate. Full 
strength of the stud may not be developed under 
above conditions due to lack of strength in the 
base plate. 


A onferrous .—Stud welding on brass, 
bronze, aluminum and chrome-plated 
material is practical and is being done 
commercially in the automobile, radio, re¬ 
frigerator and other industries, while 
magnesium and some of the Monels have 
been stud welded under laboratory condi 
tions. 


Weld Quality 


1 lie modern stud welder is semi-auto¬ 
matic. Dependence upon the skill of the 
operator has been reduced to a minimum. 
It is necessary, however, for the equip¬ 
ment to be properly set up and proper 1\ 
used in order to obtain consistently sati* 
factory results. It is. therefore, essential 
that the welding operator have a clear 


conception of what the stud welder should 
do in the way of producing quality welds. 
Operators should also he cautioned 
against variations from standard proce¬ 
dures which may result in erratic results. 

1 he actual mechanics of the inspection 
or quality control procedure will of 
<our.se depend upon local circumstance* 
lu all cases the problem will be greatly 

i y proper instruction of the 

welding operator. The more skilled the 
operator the less inspection required. 

1 his of course is true of all welding 
processes. 


Generally visual inspection of the 
finished weld is sufficient to indicate 
whether or not a weld is satisfactory. 
I his procedure is commonly supplemented 
hy a bend test. Questionable welds are 


checked by bending the stud between 10 
to 15 deg. from the vertical and straight¬ 
ening. (The tool used for this bending 
test is usually a 1-in. diam. rod, 10 to 12 
in. long, drilled or tapped on one end to 
fit the stud.) 

It is also considered good practice to 
weld several studs to a check plate prior 
to starting production runs. Test studs 
should be checked visually and also tested 
to destruction by bending with a hammer, 
failure should occur in the stud or base 
plate outside the weld zone. 

Equipment Used 

The equipment necessary for stud weld¬ 
ing consists of: (1) A stud-welding gun, 
either portable or fixed (production 
gun); (2) a control unit to control the 
time of current flow; (3) a source of d.c. 

welding current; and (4) studs and fer¬ 
rules. 


Portable Gun 

I he stud-welding gun (Fig. 2) i> a 
highly portable tool with a tough body 
made of rag hakelite plastic, weighing ap 
proximately 5 pounds. In appearance the 



Fig. 2. Portable Stud Welding Gun 

Stud gun resembles a pistol with an en¬ 
larged bore. W elding current and con¬ 
trol leads enter the gun through the 
handle which also contains a trigger 
actuated control switch. A heavy copper 
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coil is molded into the body of the gun. 
A solid or stationary core fills one end of 
this coil while a floating core moves 
freely in the other end of the coil. The 
linkage mechanism which causes the stud 
to be pulled away from the plate to form 


the arc is attached to the floating core. 
When the trigger is depressed, welding 
current flowing through the coil results 
in a magnetic or solenoid action causing 
the floating core assembly to move back 
toward the handle of the gun. The chuck 
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Fig. 3.—Limiting Dimensions of Portable Stud Welding Gun 
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and stud are thus lifted from the work to 
draw the arc. At the conclusion of the 
arc cycle, the current is cut off by the 
control unit and the main spring within 
the gun body drives the stud back into 
the molten pool of metal formed by the 
arc to complete the weld. 

The stud to be welded is held in posi¬ 
tion by means of a spring chuck which is 
attached to the lower bearing portion of 
the stud gun. The chuck size depends 
upon the size of stud to be welded. 

By changing chucks and ferrule hold¬ 
ers, it is possible to use the same gun to 
weld studs varying in diameter from Vi¬ 
to */* inch. Naturally appropriate 
changes must be made in generator and 
timer settings. (See Fig. 3 for limiting 
dimensions of portable gun.) 

Production Gun 

In principle, the production stud welder 
is the same as the portable gun. The 
fundamental difference is that the produc¬ 
tion gun is mounted on an automatic 
positioning device, usually air operated 



Fig. 4.—Production Stud Wolding Unit 


and electrically controlled, which permits 
very careful control of stud location. 
Tolerances of ±0.005 in. on location and 
±0.010 in. in height are possible when the 
production stud gun is used with ade¬ 
quate locating fixtures to position the 
workpiece. 

The basis of the production unit is the 
production-model stud gun (see Fig. 4). 
from one to six or more stud guns may 
he used in any one production unit de¬ 
pending upon the nature of the job being 
done and the production rate required. 

In a typical production unit the oper¬ 
ator loads the studs, ferrules and work- 
piece and presses the starting button. The 
gun (or guns) is automatically positioned, 
the weld is made, and the gun is re¬ 
tracted to the preweld position without 
further attention from the operator. 

1-or applications where production re¬ 
quirements are extremely exacting, more 
elaborate units with automatic loading 
and ejection of workpieces and semi¬ 
automatic loading of studs and ferrules 
have been devised. (See Fig. 5 for limit¬ 
ing dimensions.) 

Other Equipment 

Control Unit .—The control unit con¬ 
sists fundamentally of a high-speed 
welding contactor and a timing device or 
devices along with suitable relays to per¬ 
mit the proper wiring of the control cir¬ 
cuit. The timing unit is graduated in 
terms of cycles (60 cycles per second) 
and is easily adjustable. Once set, the 
control unit maintains the proper time 
mtei val for the size stud being welded. 
The time interval may vary from 3 to 45 
cycles (720 to V* sec.) for 7 m- to 8 /<- 
in. diam. studs. 

Generators .—The stud welder may be 
operated with any NEMA rated 300, 400 
or 600 amp. d.c. welding generator, (see 
Chapter 8). The size of machine neces¬ 
sary is dictated entirely by the size of 
the stud to be welded and the conditions 
under which the welding must be done. 
Normally a 300-amp. rated machine with 
a nominal amount of welding cable (2/0 

f ? r J arger > wil1 w eld a 7s-in. stud without 
difficulty. For larger studs up to 7, in. 
in diam., a 400-amp. rated machine is 
recommended. Where excessive cable 
lengths must be used, where bad magnetic 
arc-blow conditions exist, or where the 
incoming a.c. power condition is question¬ 
able, a 600-amp. machine is recommended 
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Fig. 5.—Limiting Dimensions of Production Stud Welding Gun 


for V 2 -in. diam. studs. (See Fig. 6 for portable, engine-driven equipment pro- 

Stud Welder Connection Diagram). The vided the idler arrangement is by-passed 

stud-welding gun is connected to the and the generator allowed to operate at 

negative pole through the control unit. constant speed. 

Straight polarity is always used. Extensive investigation into the prob- 

For the welding of 5 /s and s / 4 -in. diam. lem of stud-welding generators has indi¬ 
studs it is usual practice to parallel two cated that the type of d.c. welding ma- 

400-amp. machines and three 400-amp. chine which reaches peak output in a max- 

machines, respectively. imum of 1 to 2 cycles and is able to main- 

The stud welder may be operated with tain this maximum output over the entire 
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welding cycle, is the most satisfactory for 
use with the stud welder. However, 
many different d.c. generators which do 
not have all of the above characteristics 
are used successfully for certain stud sizes 
by making proper current, voltage and 
timer adjustments. 


min. elongation and 55% min. reduction 
of area. An extensive investigation into 
the mechanical properties of studs has 
shown that these values may be taken as 
characteristic of the stud-welded assem¬ 
bly. For design purposes it is suggested 
that the smallest cross-sectional area of 
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Studs 

The welding end of all-position studs 
is recessed to contain a quantity of weld¬ 
ing flux which is sealed within or per¬ 
manently affixed to the end of the stud. 

This flux acts as an arc stabilizer and 
deoxidizing agent. The fluxing action 
combines with the shielding effect of tin- 
ferrule to protect the molten metal from 
oxidation during the melting period. The 
resultant weld is clean and dense across 
die full base of the stud. Fusion of the 
entire base of the stud to the plate makes 
it possible to develop mechanical prop¬ 
erties consistent with the size and type 
of stud used. 

Standard stud material is AISI 

C-1020 or C-1015. Specifications require 
a tensile strength of 65,000 to 85,000 
l>si.. yield point 50,000 to 70,000 psi., 20% 


the stud be used for load determination. 
Naturally, the usual safety factors should 
be considered. (See Tables 2 and 3.) 

The data in Table 2 are taken from re¬ 
sults of a large number of tests made in 
order to determine the desired specifica¬ 
tion limits on stud material and each 
value is an average of several tests. This 
nummary is presented in order to assist 
in engineering assemblies for stud weld¬ 
ing and to show specifically: 

1. The strength to be expected in stud- 
welded assemblies. 

2. That failure does not occur in weld. 

J. I hat stud welding does not lower 

strength of stud by annealing or soften¬ 
ing stud near weld, even in highly cold- 
worked studs. 

At the present time it is possible to 
obtain almost any size or shape of stud 
provided it can be flux-loaded, comes 
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within the capacity of available welding 
machines, and a ferrule can be made to 
go around the stud. A full range of 
standard stud sizes from 6-32 screws to 
7< in. in diam., from 8 /s to 9 in. in 
length, both male and female, tapped or 
blank are being welded. It is also cur¬ 
rently possible to obtain eye-bolt, J-bolt, 
rectangular and square studs, as well as 
punched, slotted, grooved, bent and 
pointed studs. In short, almost any type 
of fastener, which can be welded on one 
end, can be stud welded. (See Fig. 7 
and Table 4 for typical examples.) 

Ferrules .—An individual porcelain fer¬ 
rule is used with each stud. The ferrule 
is placed over the end of the stud and 
held in place by suitable spring, tube leg 
assembly, or ferrule finger assembly as 
the particular job may require. The fer¬ 
rule is a most vital part of the stud weld¬ 
ing operation, performing several impor¬ 
tant functions, as follows: 

1. Concentrates the heat of the arc 
in the weld area during the weld period. 

2. Reduces oxidation of the molten 
metal during the arcing period, by re¬ 
stricting the access of air to the weld 
area. 

3. Confines the molten metal to the 
weld area. 

4. Prevents charring of material 
through which stud is being welded and 
consequent contamination of the weld 
metal. 

5. Protects the eyes of the operator 
from the arc, avoiding the need for the 
customary welding hood. (Safety 
glasses are recommended.) 

The construction of a standard ferrule 
is shown in the accompanying sketch, 
with H and D designating the height and 
diameter respectively. 


STUD size—>| 



A.C. Stud Welding 

As yet, alternating current has not been 
used very much for stud welding on a 
commercial basis in the United States. 
However, a considerable amount of ex¬ 
perimental work has been done on this 
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Table 3—-Impact Tension Test Data 


SruD wrtDfO A$St**8Lv 


IMPACT Puu 


L> 


3 


*OD M4.TECIAL C •• 020 


a- 


■IMPACT PULL 


S T UO Rial C-1020 


Diameter, In. 


Break occurred 
® Unthreaded specimens. 


Threaded 


Stud Welded* 


-Energy to Rupture, 

14.5 

47.7 

In threads 


Ft.-Lb.-s 

72.5 
219.0 
In stud 


Test designed to test weld section 


Material Used in Test 

AI SI C-1020, Cold Drawn 

i ensile Strength. 

Yield Strength. 

Elong. in 2 in.. 

Red. of Area. 


75,000 psi. 
60,000 psi. 

.24% 

.58% 


Stud Specification 

AISI C-1015 or C-1020, Cold Drawn 

Tensile Strength.65,000 to 85,000 psi. 

Wld Strength.50,000 to 70,000 psi. 

Elong. m 2 in.20% Min. 

Red of Area.55% Min. 

Hardness.Rockwell B-70 to 85 


problem as part of the development pro¬ 
gram on a.c. welding in general. 

i he principal advantage of the use of 
alternating current would seem to he the 
reduction of arc blow and the possibility 
of obtaining a single welding transformer 
of any required si/e to handle any par¬ 
ticular size stud. This single machine as 
a source of power would show to best 
advantage in those stud welding applica¬ 
tions where 7*- and 7«-in. diam. studs 
are being welded in large quantities over 
a small work area. An ideal example of 


this would be in the fabrication of Diesel 
locomotives, where large studs predomi¬ 
nate and it is necessary, with d.c. equip¬ 
ment, to connect two or three welding 
machines in parallel to obtain the neces¬ 
sary power. 

I here are certain disadvantages in the 
use of alternating current which must be 
considered and overcome before a.c. stud 
welding becomes completely practical. 

h'ciictancc .—Variation and loss of power 
due to variation in reactance in the weld¬ 
ing cable circuit presents a definite prob- 



Fig. 7. 


ommonly Used Studs and Fastening Devices 

















Fig. 8- Location of Studs by Center Punch Mark on Work 


U'lii. I his factor throws a severe limits 
turn on tlie length of cable permissibh 

particularly where larger diameter stud 
are being used. 

Several a.c. units have been made an 
operated in England over the pas 
several years. One is rated at 35 kva 
and is recommended for welding up t< 
/a-in. diain. studs with a maximum tota 
cable length of 150 feet. Another uni 
developed in England uses rectified alter 
nating current for welding ,-in. diam 
studs; the maximum capacity is 180 kva 
I he procedure with this equipment A t< 
step down line voltage to 100 volts, pa- 
it through a current regulator, and ther 
through a set of oil-immersed ignitror 
tubes for rectification. I he welding pr in - 
( ipies are the same as previouslv de¬ 
scribed except that the arc is established 
by fusing a small projection on the weld 
<-nd of the stud instead of using a solenoid. 

Locating Devices 


The procedure used to locate studs de¬ 
pends entirely upon the intended use of 
the stud and the accuracy which must be 
maintained. Where extreme accuracy is 
required special locating fixtures and’the 
production type stud welder are used 
The extent of tooling as a rule will be a 


function of the production rate as well as 
the total production. In nearly all cases 
locating devices would come under the 
heading of special equipment tooled for 
the individual job. 



Fig. 9.—Location of Studs by Template 
(Note Clearance Between Template and Work) 


I he portable stud-welding gun is by far 
the most commonly used. It is generally 
used in those instances where it is im¬ 
practical to place the part being welded in 
a locating fixture. Several methods and 
procedures have been worked out for 
positioning the stud under these circum- 
stances. The procedures are noted in 
order of increasing accuracy to meet de¬ 
creasing tolerances. 
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Center Punch Layout Method .—The 
part to be stud welded is laid out and 
the stud locations (center) are center 
punched. (See Fig. 8). The point of 
each stud is placed in the punch mark 
Prior to welding and in general positions 
the welding gun. After welding, if care 
is used, the stud will be reasonably close 
to the required position. Normal’ toler¬ 
ances are ±7.,,> inch. 

I emulate Methods .—Where production 
is reasonably uniform a simple template 
is made to locate studs by locating the 
ferrule. (See Figs. 9 and *10.) The size 
of hole for ferrule location is usually the 
maximum ferrule diameter ±0.015 inch. 
By this means tolerances of ±7o« in. may 
be met. Good design calls for clearance 
under the template (7io in.) to permit 
proper venting of gases evolved during 
welding. Special adapters are available 
which simplify the problem of keeping the 
stud perpendicular to the welding surface. 
(See Fig. 11a.) Tables 4 and 5 give 
stud dimensions and welding data. 

In order to obtain extreme accuracy 
several template modifications are being 
used where the legs of the gun are used 
to locate the stud indirectly. In one pro¬ 
cedure (Fig. 11/;) the gun is modified 
slightly to permit positioning of the tri¬ 
pod legs in order that the chuck, the stud 
and the legs of the gun may be kept con¬ 
centric. In another case (Fig. 11c) the 
template is prepared by drilling a clear¬ 
ance hole where the stud is to be located. 
(See also Fig. 12.) Around the hole, 
and concentric with it. a groove is cut 



Fig. 10.—Location of Studs by Template on 

Air Blower 


"'ith a fly cutter. J he three-pointed legs 
are placed in the groove and thus auto¬ 
matically place the stud in the center of 
the hole drilled in the template. It is im¬ 
portant that the legs and chuck be 
checked for concentricity when a chuck is 
changed. I he cone-shaped adapter shown 
in big. 11/; has also been used to very 
good advantage. Clearance must be left 
in the adapter holes to permit alignment 
of the cone adapter with the chuck and 
stud. 

Accuracies of ±0.010 in. have been 


ft 



Fig. 11.—Location of Studs by Template 


(a) Use of template adapter to 
located by locating pointed legs. 

(b) Use of locating special cone 
(O Use of locating leg supports 


give tripod suspension to assure alignment of stud. 

adapter on the leg supports, 
on gun. 


Stud 
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f'iq 12.— Application o t T«mpl«t<* Method 

III u*trat«d in |! ( to Hmt. ur« C.inStoUt 

Covers ori Locomotlvt 

maintained] with tlie*-c- mcth.»d* Jt ->h«>ul< 1 

«ilso ]>r noted th.it thr hole m tin.- template 
consider.*l»Iy larger tlun the ferrule 
ii^ecl and venting L i;u probhm 

COMMON APPLICATIONS 

General 

StutI welding i> al*>\c all else a ia*.t, n 
mg method and as mu h has Ixren aci ej,ud 
]*\ practically all metal working in ] 
,r * rs I he type ot >tui.1 or iVtcncr med 
will vary according to the problem at h.m 1 
1 he most advantageous time to appL 

it » 


end-welded studs depends upon the 
method of fabrication with which a plant 
is most familiar and the method of rout¬ 
ing the material through a plant. Gener¬ 
ally, if there are shot-blasting or pickling 
operations to be applied, it would be most 
desirable to put the studs on the parts 
just before final assembly as this would 
minimize damage due to handling. The 
application of studs does not interfere 


with painting operations and no cleaning 
:> Decenary subsequent to painting opera- 

the parts are relatively small 
mid varied in nature and if there is sulli- 
» sent production, a station for applying 
can be established before parts are 

• ;i t11hiited to v arious assembly sections. 

><-t up time becomes a factor in stud 
wel.ling w ben the stud diameter and 
'ligto change. It is necessary to change 
,,u C huck t.| the gun tor different dianic 

• '«s and a No to change the length of the 

a» Mippi.rts lor the dilterent lengths of 
I his is a 'tmple matter hut, 

*' ' ' 1 " l" v ^. ‘t is advantageous to keep 
1 * t\pe oi studs standardized as 
m u -i as possible. I ’nduc changing of 
■uetn or dianuteis may materially re- 
•’nc. the possibility .effecting economies 
through use of stu/] welding. 

specifically stud welding is now being 

• iMd exit toivt )y in the following indus 
Ulal fields • Shipbuilding, railroads, con¬ 
struction. equipment manufacture, auto 
motive, and boiler*. 


Shipbuilding 

Tin por table stud w«ldu is used under 
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approval of the Army, Navy and Mari¬ 
time Commission for securing wood deck¬ 
ing, insulation of all types, electrical wire- 
ways and control panels, furniture, mag¬ 
nesite flooring, sheet metal covering, pip- 
ing, gage lines and other applications 
where practical. (See Chapter 52.) 

Railroads 

The stud-welding process is now being 
used by practically all car and locomotive¬ 
building shops for a wide variety of ap¬ 
plications, including: 

Securing wood liners and furring strips, 
placard holders, etc., in steel box cars. 

Securing steel liners in automobile-part 
cars. 

Cab linings for steam locomotives. 

Securing wire, cables and conduit. 

Cover plates on Diesel engines. 

Braking resistors on Diesel engines. 

Side sheets on Diesel engines. 

Insulation on tank cars and box cars. 

Hatch cover studs on refrigerator cars. 

(See Chapter 53 for full details.) 

Building Construction 

The portability of the stud welder 
makes it an ideal tool for the construction 
industry. The process has been listed by 
Underwriters’ Laboratories for attaching 
sprinkler systems. Other applications in¬ 
clude the attachment of plumbing, heat¬ 
ing ducts, insulation, roofing and siding 
of all types, and reinforcing rods for con¬ 
crete and gunite. 

General Industrial Equipment 

Industrial manufacturers have found 
stud welding very useful for the placing 
of studs which were formerly drilled and 
tapped. The increased production ob¬ 
tained and the possibility of redesign with 
elimination of heavy bosses formerly re¬ 
quired to obtain tap depth has effected re¬ 
markable economies in many instances. 
(See Fig. 13 for illustration of design 
possibilities.) 

Automotive Applications 

Studs are being used to secure numer¬ 
ous parts and assemblies to automobile 

frames and bodies. Among them are the 
following: 

Bumpers. 

Bumper guards. 

Shock absorbers. 

Center support brackets on three-piece 
drive shaft. 


Brake and clutch pedals. 

Sun visor supports. 

Spare tire mounting studs. 

Map light mounting studs. 

Rub rails on panel trucks. 

Wood floors on buses of all types. 
Hand rails on busses. 

Rope hooks on various types of trucks. 
Studded flanges for securing relief and 
quick opening valves on various 
types of tank trucks. 




(a) Typical design for underground switch 
gear j? r * or to stu ^ welding. Note heavy bosses 
and flanges necessary for tap depth. Arrows 
indicate welded areas. 

(b) Welding of flanges eliminated by bend¬ 
ing side plate material to form gasketing surface. 

(c) Stud welded unit complete. 

Boilers 

Stud welding is approved for use on 
low-pressure heating boilers built under 
the ASME Boiler Code for all appli¬ 
cations except staybolts. This includes 
all cover plates, clean-out doors, water- 
heater coil openings, etc. Staybolts also 
are being welded on non-code boilers. 

Stud welding is approved for use on 
non-pressure parts on power boilers and 
unfired pressure vessels built to the 
ASME Code. (See Chapter 51.) 
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Other Applications 

Studs are commonly used in the manu¬ 
facture of: 

Electrical switch gear of all types. 

Metal furniture. 

Forged high-alloy turbine blades. 

bans and air-moving equipment. 

All forms of furnaces and heat-treating 
equipment. 

Gas pumps, air compressors, hydraulic 
hoists and many other similar type 
applications. 

Securing rasp bars in combine harvest 
ers. 
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Securing cover plates and filter ele¬ 
ments in commercial oil filters. 

Securing cover plates and flanges on all 

types of oil, gas and electrical trans¬ 
formers. 

Securing stainless steel studs to under¬ 
ground junction boxes for telephone 
cables. 

Access doors and clean-out doors on all 
types of metal degreasing equipment. 

Inner shell support members for cold 
wall type refrigerated tanks. 

Support >tuds for securing heating ele¬ 
ments on mangle-type electric ironers. 

Securing all types <»t insulation, lagging 
material, etc. 
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CHAPTER IS 


RESISTANCE WELDING EQUIPMENT* 


INTRODUCTION 

The equipment required to perforin a 
resistance-welding operation may be very 
simple and inexpensive, or it may be 
very complex and costly, depending on 
the nature and physical proportions of the 
work, the quality desired and production 
requirements. A standard piece of equip¬ 
ment has three principal elements: 

_ 1. The electrical circuit. This con¬ 
sists of a transformer and a current 
regulator (tap changer) and a second¬ 
ary circuit to conduct the welding cur¬ 
rent to the electrodes. 

2. The mechanical system, which 
holds the work-pieces and applies the 
required welding force or pressure. 

3. The control or timing apparatus. 
While these controls may sometimes 
be complicated and control other vari¬ 
ables, in the simple machine the con- 

will be considered. 

Thus, these three elements of the equip¬ 
ment control the three principal variables 
in resistance-welding operations: (1) 
the current, (2) the welding force or pres¬ 
sure and (3) the time. With individual 
machines, these elements may be con¬ 
siderably complicated and augmented by 
the use of fixtures, special tooling and 
handling devices; also by the use of 
special sequencing controls, voltage and 
current regulators, etc. 

Various means have been devised to 
reduce the heavy intermittent demands on 
the power lines required by standard 
single-phase machines. Stored-energy ma¬ 
chines, in which the energy required for 
each weld may be drawn slowly from the 
power lines, accumulated within the ma¬ 
chine and then discharged for each weld, 
have been used with considerable success. 


Prepared by a committee consisting of E. T. 
Del Vecchio, Swift Electric Welder Co., 
Chairman; L. W. Boelter, Climax Mfg. Co.; 
G. W. Carman, General Electric Co.: C B 
Stadum, Westinghouse Electric Corp. 


I hree-phase machines are now being 
built, in which energy is taken from all 
three phases of the power line and com¬ 
mutated to a lower frequency, single¬ 
phase current. 

Capacitors, or condensers, may also be 
applied to standard single-phase machines 
to reduce their demand by increasing 
their power factor. 

As far as the weld itself is concerned, 
it makes practically no difference whether 
the machine is a stored-energy type, a 
3-phase type or whether or not it has 
power-factor correction; the mechanical 
operation of the machine may be assumed 
to be unaffected by the type of electrical 
operation. 

However, with some types of controls, 
the wave shape of the welding current can 
be readily controlled, and it is believed 
that this wave shape does have some 
effect on the weld. 

Throughout this chapter, all data, in¬ 
formation and references will apply 
specifically to standard single-phase ma¬ 
chines unless otherwise mentioned. The 
other types of machines will be considered 
separately. 

This chapter describes only the equip¬ 
ment used in resistance welding. For 
further information on the processes refer 
to Chapter 16 for Spot, Seam and Pro¬ 
jection Welding, and Chapter 17 for 
Flash, Upset and Percussion Welding. 

TYPES OF SINGLE-SPOT WELDING 

MACHINES 

Rocker-Arm Spot-Welding Machines 

The simplest and most commonly used 
spot-welding machine is the rocker-arin 
type, so called because of the rocker arm 
or walking beam movement of the upper 
arm. This machine is readily adaptable 
for ordinary spot welding on most weld¬ 
able metals, where highest quality of 
work is not of prime importance. It is 
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generally available in three types of opera¬ 
tion: (1) foot, (2) air, and (3) me¬ 
chanical or motor and cam. It will be 
shown in this chapter that it is desirable 
to keep the throat depth of a welding ma¬ 
chine as short as possible to make a 
given weld with the least power demand. 
Figure 1 (o) shows a simple foot-operated 
rocker-arm machine. This machine, 
whether foot, air or mechanically operated, 
has the disadvantage of a reduction of 
available welding force as well as weld¬ 
ing current as the throat depth is in¬ 
creased. On the other hand, the throat 


best suited for miscellaneous job shop 
work including many sheet-metal fabrica¬ 
tions. Air-operated machines are best 
suited for production runs, particularly 
where the runs are not too long and a 
minimum of set-up time is required. 
Motor-operated machines are ideal for 
long production runs, or where air is 
either at a premium or not available. 

Rocker-arm machines are available in 
throat depths of from 12 to 48 in., and 
in transformer capacities from 10 to 50 
kva. 

As may be seen from a comparison of 



Tig. 1 (a).—Standard Toot-Operated Rocker-Arm Spot-Welding Machine 

A Throat depth; D. Horn Spacing; C Centerline of horn lever trunnion; 
1) Lower arm vertical adjustment; E. foot lever; F. Foot lever adjustable 
stop which regulates amount of electrode opening; C. Welding pressure 

2>Vr 8; ’ ' Nc,dln & p I rc ?* urc spring adjustment which regulates amount of 

welding pressure; K. Initiating switch cam or trigger; L, Initiating switch- 
A/, Horn cap screws; A'. Secondary flexible bands; R, Current regulator- 
-S, Transformer secondary; T. Water-cooled electrode holders- W Weldim' 
points or electrodes. ’ ' ** c,a,n 8 


depth can be readily changed merely by 
the substitution of different horns. Some 
makes of machines have adjustable upper 
horns and in addition, in some cases, 
adjustable lower horns. 

The rocker-arm machine is well suited 
for a wide range of work, up to a welding 
capacity of about two pieces of Vs-in. 
thick steel. Foot-operated machines are 


bigs. 1 (a), 1 (b) and 1 ( c ) the general 
construction of the machine is the same, 
regardless of the type of operation. 

Electrode Set tings .—Since the motion 
ot the upper electrode is in the form of an 
arc with radius X, the electrodes should 
be set so that the upper electrode is 
exactly perpendicular to the work when 
it contacts the work. In this position. 
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tin.' two arms or horns will be parallel. 
Any other setting will leave the horns 
out of parallel, resulting in more or less 
electrode skidding with consequent un¬ 
necessary electrode marking. It is due 
to this radial motion of the upper elec¬ 
trode that projection welding (except 
for single projections) is seldom prac¬ 
ticable on rocker-arm machines. 

M cchanical Principles — Foot-Operated 
Machines. The frame of the machine 
acts as a housing for the transformer and 
regulator as well as the pedestal upon 
which are mounted the mechanical ele¬ 
ments. On the foot-operated machine 
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in. and exerts a force of 1000 lb. at the 
closed position, it will exert 750 lb. at 
8'/, in., and no force at 9 inches. Forces 
of closed springs may be obtained from 
handbooks or spring manufacturers’ cata¬ 
logs. If the force exerted by the spring 
is 200 lb., then the electrode force is 
200 X V/X, (Fig. 1 (a)). In actual 
practice, the spring is often operated 
fully closed, in which case the electrode 
force is proportional to the force exerted 
on the foot pedal. Then electrode force 
= foot force X UIV X VIX. This ratio 
seldom exceeds 3 to 1, so that an electrode 
force ot 300 lb. requires a foot force of 



Fig. 1 (6).—Standard Air-Operated Rocker-Arm Spot-Welding Machine 


Double-acting air cylinder; B, Four-way valve, 
foot operated, or solenoid operated and controlled by 
accessories not shown, but as usually furnished include a 
pressure-regulating or reducing valve and pressure gage. 


This valve may be 
foot switch. Air 
lubricator, strainer, 


these elements consist of two simple levers 
connected by a spring. From Fig. 1 ( a ), 
force exerted on the foot lever E is trans¬ 
mitted through spring G to rocker-arm 
lever, thence to welding electrode. 

Calculation of Welding Force or Pres¬ 
sure. —A compression spring exerts its 
maximum force when its coils are closed 
tight. This force is determined by the 
wire size, coil diameter and pitch. The 
force exerted when the coils are partially 
closed will be in proportion to the amount 
of closure. Thus, if a spring has a free 
length of 9 in. and a closed length of 8 


100 lb., regardless of whether or not a 
spring is used. This ratio is not affected 
much by throat depth, for as X is in¬ 
creased, U is also increased. From the 
above, it may be seen that the limiting 
factor on a foot-operated machine is the 
available welding force and the element 
of fatigue of the operator. 

Mechanical Principles — Air-Operated 
Machines. —About the only difference be¬ 
tween foot- and air-operated machines 
is the substitution of an air cylinder for 
the foot lever and connecting rod. Figure 
1 ( b ) illustrates this. The air cylinder 
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may be mounted as shown in the sketch, or 
it may be trunnion mounted. The stroke 
of the cylinder must be proportioned to 
the required point opening, and its di¬ 
ameter proportioned to the required elec¬ 
trode force and throat depth. For any 
given cylinder diameter and stroke, the 
welding force decreases and point opening 
increases as the throat depth increases. 
It is usually sufficient to regulate point 
opening by adjusting the position of the 
electrodes in the horns. However, in 
some cases, it is desirable to use adjustable 
stroke or adjustable-retractable stroke 
cylinders. 


should not be used because of probable 
erratic and inconsistent results. 

Mechanical Principles — Motor-Operated 
Machines. —Motor-operated machines are 
similar in principle to foot-operated ma¬ 
chines with the substitution of a power- 
driven cam to operate the rocker arm in 
place of the foot lever and connecting rod. 
There are, however, a few important con¬ 
siderations : the machine can never be 
operated with the spring completely 
closed; the point opening is determined 
by the throw of the welding cam and 
throat deptli and no adjustment can be 
made by positioning the electrodes. 



Fig. 1 (c).—Motor-Operated Rocker-Arm Spot-Welding Machine 


A, Welding cam; B, Cam follower 
Welding spring; F, Clear reducer; G. 
able speed drive; J. Motor. 


; C, Timing cams; D, Initiating switch; E, 
Clutch; H, root-operated clutch trip; I, Vari- 


Lalculation of Welding Force .—The 
force exerted on a piston is equal to the 
product of its area (sq. in.) and the air 
pressure (psi.). Most industrial air sys¬ 
tems are operated at 80 psi. pressure, and 
cylinder diameters are determined on this 
basis. Then, from Fig. 1 ( b ), electrode 
force equals piston force X Y/X. The 
welding force is in direct proportion to 
the air pressure and is controlled by the 
pressure regulator. These calculations do 
not take into account packing friction, but 
this is negligible if the cylinder is well 
lubricated. Air pressures below 20 psi. 


If the machine is properly set up, little 
actual power is required, for it is only 
necessary for the cam to compress the 
spring approximately 3 /.« in. for each weld. 

The cam shaft usually carries fan-type 
timing cams which, through a limit 
switch can operate the welding contactor 
direct with an accuracy as good as any 
non-synchronous timer. However, every 
time the speed is changed, the timing is 
changed, and it is often more desirable to 
interpose a simple timer and use the 
limit switch to initiate the timer (see 
Tig. 1 (r)). 
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Culcnlalwn of Welding Force. —Weld¬ 
ing force can be calculated from spring 
compression and ratios of leverage in¬ 
volved in the same manner as outlined for 
foot-operated machines. 

Press-Type Spot- and Projection- 
Welding Machines 

For all projection welding, and spot 
welding of better quality, press-type ma¬ 
chines are recommended. A press-type 


furnished in capacities of 50 to 600 kva. 
and more, and in throat depths up to 48 
inches. (They are also furnished in 
smaller ratings—particularly bench-type 
models ranging down to 1 kva. These 
small models are similar to the larger 
ones but space does not permit more 
detailed description.) 

Press-welding machines are classified 
in various ways: 



Fig. 2 (a).—Typical Press-Type Combination Spot- and Projection-Welding 

Machine 


Air or hydraulically operated. A, Air or hydraulic cylinder; B, Welding 
head (see Fig. 3 for variations in Construction); C, Spot-welding horns and 
electrodes; D, Upper table or platen; E, Lower table or platen; F, Lower 
knee; G, Flexible bands; H, Upper and lower terminals or connecting blocks; 
I, Transformer secondary; J, Knee support and jack screw. 


machine is one in which the movable* elec¬ 
trode and welding head are moved in a 
straight line and guided in bearings or 
ways. These bearings must be of sufficient 
length and proportions to withstand the 
offset loads put upon them. 

Standard press welding machines are 


(a) By type of operation: air, hy¬ 
draulic, motor, foot or hand (small 
models). 

(£) By function: spot, projection, 
combination spot and projection. 

(c) By type of welding head: slide, 
quill, antifriction. 
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( d ) By manner of pressure applica¬ 
tion: direct, toggle. 

Some of the above construction varia¬ 
tions represent various manufacturer’s 
ideas on the best construction principles. 
Others are variations which practically 
all manufacturers furnish to meet various 
job requirements. It is impossible to set 
down any rules governing the selection of 
machine type, but a few general principles 
may be stated: 

(a) Motor-operated machines are 
practically never used above 250 kva., 


between air- and hydraulic-operated; and 
above 500 kva., hydraulic. 

One other factor should be taken into 
consideration: the much faster follow-up 
of air as compared to oil. Due to its com¬ 
pressibility, the response of air on the 
piston is practically instantaneous, where¬ 
as, due to the incompressibility of oil, 
its response is slow, because this motion 
must be transmitted throughout the hy¬ 
draulic system. This is particularly vital 
on short time welds, such as used on 
stainless steel, aluminum and other non- 
ferrous metals. 


E h 



trz> 


Fig. 2 (6).—Motor-Operated Welding Head 


Welding cam; £ Cam roller; C. Gear box; D, Clutch; E, Variable speed 
pulley; b, Motor; G Welding spring; H, Return spring (not shown); 1, Timing 
cams (not shown); J, Initiating switch (not shown). 


and motor operation is on the decline for 
all ratings. The main reason for this 
is the lack of flexibility obtained as com¬ 
pared with air or hydraulic operation. 

( b ) Hydraulic operation is seldom 
justified below about 200 kva. due 
mostly to the additional cost. However, 
some users prefer hydraulic operation 
in smaller sizes also, to get the advan¬ 
tages of fluid operation without the use 
of air. 

(c) There is no upper limit in size 
for air operation, but when high pres¬ 
sures are utilized, air cylinders and 
valves get quite bulky, operation is 
slower and air consumption is high and 
expensive. 

Taking all factors into consideration, 
the average installation will be air- 
operated up to about 300 kva.; between 
300 and 500 kva., about equally divided 


Toggle operation, formerly quite gener¬ 
ally used, has practically disappeared, ex¬ 
cept in some cases to reduce cylinder size 
while obtaining high pressures. It should 
be noted, however, that this results in 
no air saving because the reduction in cyl¬ 
inder bore is offset by the increased 
stroke. 

General Press Welding Machine Con¬ 
struction .—Because of manufacturing eco¬ 
nomics press welding machines are de¬ 
signed and built on the unit principle. 
The same frame (with some variations 
in drilling, etc.) will be used for two or 
three different kva. ratings and for all 
types regardless of throat depth, method 
of operation, etc. Some of these varia¬ 
tions will be considered further, with re¬ 
spect to their effect on overall design. 

Operating Head .—Since most manu- 
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tacturers employ only one type of head 
construction on any given model, this need 
not be considered as a variable. The vari¬ 
ous types are shown in Fig. 3. 


from this center-line to the faced ways 
or frame of the machine is the projection 
welding throat depth. On standard ma¬ 
chines the spot-welding electrodes extend 



Fig. 3.—Typical Welding Heads 



D 


A, Rectangular slide; B, Vee slide; 


(, Quill; D, Anti-friction, or roller bearing. 


llorns and Platens .—Projection weld¬ 
ing machines employ tables or platens on 
which are mounted dies, fixtures and other 
tooling. These usually have standard T- 
s l (, ts for mounting. It should be noted 
here, that the horns, platens and lower 
knee determine the difference between spot 
and projection welding machines. The 
throat depth on any welding machine is 
the distance from the center-line of weld¬ 
ing electrode to the frame of the machine. 

1 bus, the same machine will have one 
throat depth as a projection welding ma¬ 
chine and a greater throat depth as a 
spot welding machine. This can be seen 
by reference to Fig. 2(a). The center-line 
of the platens, the ram and air cylinder 
are all the same. Therefore, the distance 


6 in. in front of this center-line. This is 
true whether platens are used or not. 
d his 6 in. should not be exceeded because 
the head is not designed to take any 
greater offset load. 

Projection and combination machines 
have a knee supporting the lower platen 
and arc provided with a vertical adjust¬ 
ment. This knee may be cast iron, steel, 
copper, bronze, etc., depending entirely 
upon the design. 

Spot-welding machines usually substi¬ 
tute a lower horn comparable to that 
used on rocker-arm machines for the 
lower knee, to reduce cost. This may be 
column or square mounted, but is always 
vertically adjustable. 

M echanical Principles — Air-Operated 



Fig. 4.—Standard Air-Operating Cylinders 
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Machines. —Air-operated press welding 
machines are usually of the direct-acting 
type, in which the pressure exerted by the 
piston becomes the welding force. One 
exception to this is the case where an air 
lock is used. Three general types of air 
cylinders are used, as follows (see Fig. 
4). On all three types, air is admitted 
at Port A for the pressure stroke and ex¬ 
hausted at Port B .: 

A. Fixed Stroke cylinder with stroke 
adjuster added. The stroke adjuster K 
satisfactorily limits the return stroke, 
consequently the point opening. 


Re-admission of air at port C will again 
return piston R to its preset position, 
since the pressure in chamber L is 
slightly higher than in either chamber 
M or N. Speed control valves or 
cushions are usually used to check 
shock and control the operating speed. 

Air Locks .—An air lock is a device in¬ 
serted in the head of the machine to 
regulate the welding force and may be 
used with any type of operation. Its 
principal advantages lie in its ease of pres¬ 
sure regulation and. in some cases, the 
elimination of static packing friction. 



Fig. 5.—Hydraulically Operated Portable Welding Gun with Low Reactance or Kick 

less Cable 


B. Adjustable stroke cylinder with 
dummy piston R. 

C. Adjustable-retractable stroke cyl¬ 
inder. On this type, a third port C 
is added. If air is admitted through 
this port to chamber L at a slightly 
higher than operating pressure (in 
chamber N), piston R will remain in 
a position determined by the stop X. 
This determines the operating-point 
opening. By exhausting the air from 
chamber L through a separate 3-way 
valve, when piston P is returned it 
will carry piston R with it to the 
full available stroke of the cylinder. 


Mechanical Principles—Motor-Operated 
Machines. Fig. 2 (h) shows the ele¬ 
ments of a motor-operated machine. Usu¬ 
ally the drive is interchangeable with the 
air or hydraulic cylinder on the same head, 
but provisions must be made in the head 
for a spring or an air lock. Like all 
mechanical drives, the only way the stroke 
can be changed is to change the cam. 

Mechanical Principles—Hydraulic Ma¬ 
chines.— The operation of a hydraulic ma¬ 
chine is much the same as that of an air- 
operated one. I'he air cylinder with maxi¬ 
mum operating pressure of 80 psi. is re- 
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placed by a hydraulic cylinder with maxi¬ 
mum pressure of 1000 psi. Any type out¬ 
lined in Fig. 4 may also be used for hy¬ 
draulic operation. 

In the simplest type of hydraulic sys¬ 
tem, a constant-speed motor drives a con¬ 
stant-pressure, constant-delivery pump 
whose output pressure is adjustable by 
means of an adjustable relief valve. This 
oil delivery is valvcd to and from the 
operating cylinder with a four-way valve 
the same as in an air system. Auxiliaries 
include a sump, filter, cooling coils, gage 
and sometimes an accumulator. 

Portable Welding Machines 

A standard portable welding machine 
consists of three main elements : 

1. Transformer and regulator. 

2. Secondary cable. 

3. Welding head or gun. 

A typical complete portable machine is 
shown in Fig. 5. The transformer is 
similar to any other resistance-welding 
transformer, except that on account of 
the much greater secondary losses to the 
gun, it must be wound for a considerably 
higher secondary voltage—on the order 
of two or three times as high for a given 
kva. rating. To accomplish this without 
an excessive core weight, the secondary is 
usually provided with 3, 3 or 4 turns so 
that the voltage per turn, which deter¬ 
mines the size of the core, is no more 
than for any other type machine. 

The secondary cable is now almost ex¬ 
clusively of the concentric or kick less type. 
In this, the two conductors are inter¬ 
twined in such a manner that reactance is 
almost eliminated. However, to reduce 
bulkiness as much as possible, they are 
operated at extremely high current den¬ 
sities, which in turn necessitates thorough 
water cooling. 

The welding gun is usually specially 
built for each job although it has been 
possible to standardize a few types. Guns 
may be hand, air or hydraulically operated. 

The hand type is used only on very 
small units, such as tongs used by jewel¬ 
ers, etc., and for resistance brazing. 
The choice between air and hydraulic 
operation is generally determined by the 
pressure requirements. Since it is de¬ 
sirable to keep the weight of the gun as 
low as possible, hydraulic operation is pre¬ 
ferred except for the smallest sizes. 

Hydraulic guns are .supplied with oil 


from a booster mounted on the trans¬ 
former. This booster consists of an air 
cylinder having a piston area approxi- 

i * * . as great as a hydrau¬ 

lic piston to which it is directly connected. 

A three- or four-way air valve operates 
the air cylinder, which in turn operates 
the hydraulic cylinder and gun-operating 
cylinder connected by flexible hydraulic 
hose taped or strapped to the Secondary 
cable. Electrode force is controlled by 
the air pressure, the same as on any air- 
operated machine. 

Many interesting variations of portable 

machines, such as poke or stick guns, pry- 

bar and short-circuiting guns are widely 

used, but space does not permit further de¬ 
tails. 


TYPES OF MULTIPLE-SPOT WELD¬ 
ING MACHINES 

Multiple-spot welding machines may be 

grouped into three general classes or 
types: 

1. Pressure-controlled (hydromatic). 

2 Commutator-controlled (ultraspeed). 

3. Multiple transformer. 

bigures 6, 7 and 8 show typical machines 
of each of these three types. Machines in 
all these classes are considered as special, 
designed and built for a specific job. 

The pressure-controlled machines were 
the first of the three types developed and 
consist of a number of hydraulically-oper¬ 
ated welding guns mounted in a frame¬ 
work or fixture—one gun for each spot re¬ 
quired for a single assembly. Sometimes 
a gun is required for each side of the spot, 
in which case the two guns are operated 
simultaneously. Most applications, how¬ 
ever, permit a common mandrel or bar to 
be used for the lower electrode. Each gun 
is connected by flexible bands to a common 
busbar connected to the transformer. 
Each gun is hydraulically connected 
through an air- or motor-operated distrib¬ 
uter valve to a hydraulic pump, which 
actuates each gun in proper sequence. 
At the same time an initiating switch, 
synchronized with the valve, initiates the 
welding current with each gun move¬ 
ment. While all guns connected to a 
common busbar are energized at once, 
only the one gun in contact with the 
work can carry current. 

Commutator-controlled machines may be 
somewhat similar to the hydromatic ma- 
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chines in appearance and construction, 
but differ in operation. In this type of 
machine, the guns are located to suit each 
spot, but are hydraulically connected by 
a single valve to a hydraulic header fed 
from a pump. Electrically, however, each 
gun is connected to a segment of a commu¬ 
tator-controlled switch. In operation, all 
guns mechanically contact the work simul¬ 
taneously under full pressure, but welding 
current is fed to only one gun at a time 
through the commutator-controlled switch. 

The multiple-transformer type has now 
largely superseded the other two. In this 
type, guns, placed as required, are hydrau¬ 
lically connected to a common header 


as in commutator-controlled machines. 
But each gun or pair of guns is connected 
to an individual transformer, and all welds 
may be made simultaneously. Most trans¬ 
formers built for such service are provided 
with two secondaries, permitting two guns 
for each transformer and, in many cases, 
two welds may be made in series, allowing 
four spots per transformer in which case 
four guns are used for each transformer. 

The multiple-transformer type of ma¬ 
chine has many advantages : 

1. It is much faster, as welds are 
made simultaneously. (If available 
power is lacking, the transformers can 



Fig. 6.—Preaau re-Controlled Spot-Welding Machine with 28 Guns 
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TYPES OF ROLLER SPOT- AND 
SEAM-WELDING MACHINES 


A roller spot- or seam-welding machine 
-midar in principle to a spot welding 
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i<j. Commutator-Controlled Spot - Welding Machine with 

65 Guns 
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spacing between individual spots or welds, 
and both are performed on the same ma¬ 
chine. 

The essential elements of a standard 
seam-welding machine are: 

1. Main frame, containing welding 
transformer and regulator. 

2. Welding head, consisting of air 
cylinder and head slide mechanism. 

3. Welding wheels, bearings and 
secondary connections to transformer. 


head to the piston rod is either adjustable. 
«>r an adjustable stroke cylinder is pro¬ 
vided. In addition, tlie lower electrode 
with its mounting arrangement (arm. 
table, knee, etc.) is sometimes adjustable. 
I his lower adjustment is used when it i* 
necessary to maintain the work at a con 
"taut level above the door. 

Standard "earn welding machines have 
one <>r both electrode* power driven, usu¬ 
ally by mean* of a constant-speed electric 
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Longitudinal, in which the plane 
<»f the electrode discs is parallel with 
the throat of the machine. This type 
is used for such applications as welding 
the longitudinal seams in containers and 
other work of a similar nature. 

3. Universal, in which the wheels 
may be set in either the circular or 
longitudinal position. This is accom¬ 
plished by the use of a swivel-type upper 
head in which the wheel and its bearing 
can be swivelled 90 degrees. The lower 
mounting may consist of two inter¬ 
changeable lower arms, or both may 
be permanently attached to the machine 
by means of hinges or a swinging 
column so that either one may be 
swung into place. 


Figure 9 shows the electrode arrange¬ 
ments for standard-type machines as well 
as the methods of drive. 

Throat Depth 

Standard seam-welding machines, like 
press-welding machines, are classified by 
throat depth. The nominal throat depth 
is generally the distance from the electrode 
contact point to the frame of the machine 
measured parallel to the arms. However, 
this entire distance may not be usable. 
This is particularly true when welding 
cylinders or similar work. It is also gen¬ 
erally true on universal types of machines. 




H F 

Fig. 9.“-Types of Standard Seam-Welding Machines and Arrangements of Drive 

A, Circular, double knurl or friction roll; B, Circular, upper knurl or friction roll; C, Circular, 
upper «ear; D, Longitudinal, double knurl or friction roll; E, Longitudinal, upper knurl or friction 
roll; F, Universal, upper gear. 
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Therefore, the usable throat depth should 
not be confused with the nominal throat 
depth. 

Driving Mechanism 

Two general types of drive are com¬ 
monly employed: 

1. Knurl or Friction Roll. This type 
has either the upper or lower or both 
electrodes driven by a friction wheel at 
the periphery. These friction rolls 
sometimes have knurled teeth cut in 
them, in which case they are known 
as knurls or a knurl drive. For most 
work, this is the preferred type of drive, 
as the speed is maintained constant re¬ 
gardless of the electrode diameter, and 
the knurl or friction roll continuously 
trims the wheel, thus preventing its 
mushrooming. The knurl is used on 
coated materials, such as galvanized 
steel, terne plate, scaly stock or any 
application where the electrodes are 
likely to pick up material from the stock 
being welded. Where the nature of 
the work permits, both electrodes should 
be knurl driven, as this provides a more 
positive drive and lessens the possibility 
of skidding. 

2. Gear Drive. Generally speaking, 
this type is less desirable than the 
knurl drive, because the welding speed 
decreases as the electrode wears. 
However, this can be compensated for 
by adjusting the variable speed drive. 
Another objection is that only one 
electrode can be driven, otherwise some 
skidding will occur. 

The most important application of 
the gear-driven machine is welding 
heads in small diameter containers. 
The very nature of standard seam 
welding machines requires a minimum 
distance between electrode centers, and 
it one of the electrodes must be small to 
get into the container, the other must be 
correspondingly larger to maintain the 
required center distance. If the ratio 
of the two electrode diameters exceeds 
about 2 to 1, the smaller one should be 
the driving electrode, otherwise exces¬ 
sive skidding will result. Small di¬ 
ameter electrodes cannot successfully he 
knurl driven, but are readily gear driven 
in the circular but not the longitudinal 
position. In some cases, where it is 
desirable to gear drive one wheel, the 
other can be equipped with an idling 
knurl. 

Special Seam-Welding Machines 

Many types of machines have been de¬ 
veloped for special purposes, and these 
can generally be grouped as follows: 


1. Traveling Electrode Type. The 
work is clamped or otherwise held fixed 
over a mandrel or shoe of some type 
while an electrode is passed over it. In 
this case, the mandrel or shoe replaces 
the lower electrode. The upper elec¬ 
trode is moved by an air or hydraulic 
cylinder or by means of a motor-driven 
screw. Sometimes two upper electrodes 
are used, operating in series. This is a 
very desirable type as it permits an 
efficient secondary circuit. Figure 10 
shows a typical traveling-electrode type 
machine. 

2. Traveling Fixture Type. In this 
case, the upper electrode is stationary, 
with the fixture and work being moved 
by an air or hydraulic cylinder or a 
motor-driven screw. Here again mul¬ 
tiple electrodes can be used to advantage, 
higure 11 shows a typical machine of 
this type. 

3. A very important type of seam 
welding machine is the type used for 
continuously welding the longitudinal 
•'cams of piping or tubing. This is a 
butt seam weld, but welding current 
L applied to the two edges of the 
seam by roller electrodes or wheels. 
Strip steel is fed into a series of form¬ 
ing rolls which progressively form it 
into a tubular shape, then force it 
through the welding electrodes where 
it is welded, shaved and then cut to 
length. 

4. Can welding machines form an¬ 
other group of semi continuous weld¬ 
ing machines. Rolled drums are fed 
through electrodes and held in place by 
hour-glass rolls. With the aid of auto¬ 
matic feeding equipment, barrels, drums 
or other containers can be welded on 
practically a continuous basis. 

5. / or table seam welding machines 
can be used in some cases where the 
work is too bulky to be handled through 
regular electrodes. In this case, the 
work is clamped in a fixture while a 
portable welding head is moved over 
the seam. The head consists of a pair 
of motor-driven (usually air-motor) 
wheels with their bearings and an air- 
i \ Under mechanism for providing the 
necessary pressure. The welding cur¬ 
rent is supplied by a stationary trans- 
lormei through flexible secondary 
cables. Due to the high duty cycle of 
seam welding machines, these cables 
are quite bulky and should be kept as 
short as possible. 

Fixtures 

Work-holding fixtures are quite varied 
in design and construction, and space 
does not permit much description. One 
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of the simplest types is one which holds 
two plates or discs being welded around 
their periphery, used for toy wagon 
wheels, etc. This fixture consists of a 
spindle upon which the discs are placed, 
together with a suitable clamping device. 
During welding, the work rotates around 
the spindle, resulting in a circular weld. 


A variation of this is one in which the 
spindle is carried on a pantograph, per¬ 
mitting its free motion in a horizontal 
plane. This type is used for welding 
out-turned flanges on non-circular as¬ 
semblies, as for instance, automotive gaso¬ 
line tanks. 

A further refinement or variation is a 



Fig. 10.—Traveling Electrode Type of Seam-Welding Machine 
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Fig. 11.—Traveling Fixture Type of Seam - Welding Machine 


Kindl'd fixture, commonlv known as an 

t 

iron nuni fixture which is shown in I * i u 
1-. Here, the operator merely places 
the work in the fixture and starts the 
weld, after which the work is auto 
- Kllided and the weld completed 
w ithout further attention 

Cooling 

Hue ot the principal problems ju seam 

welding is the pr« iper cooling of the 

machine including the electrodes, hear- 
,I, K S and secondary c irc uit ( )f gre ater 
mrpeu tance though, is the cooling of the 
u '"k Whenever concentrated heat is 
employed, as in seam weMiriK. warpage- 
■ md distortion are hound to take- place. 

I his warpage is minitni/ed by cockling 
the work as last as possible. Probably 
he st seam w elding results would he oh 
tamed hy making the welds under water, 
hut tlie physical proportions of the work 
usually makes this impractical. The 
nearest substitute is sprays of cooling 


water provided lor both upper and lower 
w elding w heels and the w < ,rk. 


FLASH AND UPSET WELDING 

MACHINES 

\n upset weld is obtained h\ first bring 
mg two piece s of metal into end to eii 
‘•"titact under pressure, and then allowin. 
< m rent t«» flow from one piece- to th 
"thc-r. \ flash weld is obtained by firs 
applying a voltage drop across 11 ie gai 
between two pieces of metal, and tliei 
bringing the pieces into contact so as t< 
1" 111111 4 'I* rent to flow. Manually operate* 
machines may he used either for upset o 
tk.sl, welding without change. Air-op,-r 
at«d machines are used for upset welds 
while motor- or hydraulically-operate* 
machines are applied to flash welding 

Upset-Welding Machines 

In principle, upset welding- is quite 
similar to spot welding, except that the- 
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nature of the work requires different 
handling. A typical upset welding ma¬ 
chine consists of a machine having a set 
of clamps to hold the work and mechanical 
means to force the two pieces together. 
In modern machines, timing equipment is 
provided to synchronize the overall weld¬ 
ing cycle (see Fig. 13). 

The simplest type of upset welding ma¬ 
chine is hand operated. In this machine 
the work is clamped in the dies and pres¬ 
sure pcerted on the movable platen. Cur¬ 
rent is then applied, and when the ends 
of the work are sufficiently hot to upset 


under the applied pressure, current is 
cut off and the work removed from the 
dies. A limit switch may be used to 
automatically cut off the current when 
the upset has reached a predetermined 
amount, or, the current cut-off may be 
determined by means of a timing device. 

Machines may be made automatic in 
operation by the substitution of springs 
or weighted levers for the hand lever. 
Either of these devices merely assures 
uniform pressure application. The 
weighted lever has been practically dis¬ 
continued due to its inertia, but spring- 



Fig. 12. Standard Circular Seam-Welding Machine Equipped With Iron 

Man Type Fixture 
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operated machines are still used, usually 
in conjunction with an air cylinder. 

Air- and spring-operated machines are 
quite successful on nonferrous work. The 
spring produces a quick follow-through 
necessary for this kind of work due to 
the short plastic range of the metal. 
Figure 13 shows a typical automatic 
upset welding machine. 

If the machine is used exclusively on 
steel, the spring may be dispensed with, 
and in this case, the machine may be 
operated directly by a double-acting air 
cylinder. 


and bars such as refrigerator and stove 
racks, chain links and some tubular prod¬ 
ucts. By modification, it is also applied 
to upsetting and forging operations. 

Merely by reversing the action of the 
upset welding machine it performs an 
important function in the cutting of 
stranded wire cable. The cable is clamped 
in the dies where the cut is to be made, 
tension instead of pressure is applied to 
the movable platen and current applied. 
The current quickly severs the cable and 
at the same time fuses the strands to¬ 
gether on each end to prevent their fray- 



Fig. 13.—Air-Operated Automatic Upset-Welding Machine 


By the use of relays, the operation is 
completely automatic and very fast. 
1 here are two methods of timing the 
weld either of which gives generally satis- 
factory results: by means of a limit 
switch on tile platen or with an automatic 
tinier. 

. I ppheatiun —The application of upset 
welding is limited to small wires, rods 


ing. Machines are built for completely 
automatic operation—feeding the cable 
from a reel, measuring to an exact length, 
cutting off and stacking, all without any 
attention from the operator. 

Flash-Welding Machines 

(nueral Construction .—A standard 
flash-welding machine consists of a main 
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frame open on top. At the one end at the 
top, the stationary platen is bolted to the 
frame but insulated from it by laminated 
phenolic sheet. This platen is usually 
non-adjustable, although it may be pro¬ 
vided with a limited amount of adjustment 
to and from the movable platen. At the 
other end, the movable platen is mounted 
on suitable ways and connected to the 
upset mechanism. Roth platens are usu¬ 
ally of cast iron or steel and are arranged 
to accommodate copper terminals which 
connect to the transformer and also mount 
the welding dies. The transformer is 
located within the frame and the regulator 
is located convenient to the operator. 

The width (front to back) of the frame 
and consequently the platens depends upon 
the width of the work (or the length 
of weld line). Upsetting force should be 
applied as near as possible to the line of 
work, both vertically and horizontally, 
in order to prevent unnecessary stresses 
from being transmitted through the mov¬ 
able platen ways. If the platens are wide, 
double cams or double cylinders should 


be used. It is also necessary to use 

double cylinders if large bars or tubes 

project beyond the end of the movable 
platen. 

Upset Mechanisms .—Flash and upset 
movement on small machines (up to about 
75 kva. or 1-in. cross section of steel) can 
be satisfactorily applied by a hand lever 
operating the platen directly or through 
a simple or compound toggle linkage. 

I his type of upset is particularly adaptable 
tor job shop and short production runs. 

Large machines can also be hand 
operated through the medium of hydraulic 
power. 

A motor-operated upset mechanism con¬ 
sists of a motor driving a speed reducer, 
on the slow speed shaft of which is 
mounted the welding or upset cam. This 
cam moves the platen either directly or 
through a lever. In some types of ma¬ 
chines a multiple-tooth clutch is used to 
start and stop the cam for each welding 
cycle, while others use a start-stop motor 
with an auxiliary cam and limit switch 
to stop the motor and apply a brake at 



Fig. 14.—Motor-Operated Automatic Flash-Welding 


Machine Provided with Postheat Controls 
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the completion of the weld. The motor is 
started by a push button or other outside 
contact. Figure 14 shows a typical motor- 
operated machine. 

The weld is initiated in clutch-type 
machines by manually tripping the clutch 
and with automatic disengagement. How¬ 
ever, the engagement of the clutch can 
also be accomplished by a solenoid or 
air cylinder. 

An auxiliary adjustable cam is also 
mounted on the camshaft to operate the 
welding contactor through a pilot switch. 

The flashing action or motion of the 
movable platen must be controlled with 
reasonable accuracy, and this accuracy 
assumes increasing importance on high¬ 
speed machines. 

General purpose machines require a 
very slow movement at the start of the 
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variable-speed transmission between the 
motor and speed reducer, or with a vari¬ 
able speed motor. 

Hydraulic upset mechanisms are of two 
general types: manual and automatic. 
Both types employ one or two hydraulic 
cylinders to operate the platen directly. 

The manually-operated type consists of a 
motor-driven hydraulic pump with a hand- 
operated valve to control the flow of oil 
to and from the cylinder. 

The automatic type consists of a hy¬ 
draulic pump with a cam-operated flow 
or needle valve to control the flow of oil 
to and from the cylinder, together with 
the necessary auxiliary valves, gages, etc. 
Sometimes, an accumulator is used to 
supply the increased demand for oil at 
upset. Figure 15 shows a large, fully 
automatic, hydraulic flash-welding ma- 



F »g. 15.— Automatic Hydraulic Flash-Welding Machine Showing Pumping Unit with Accum- 

ulator for Fast Upset 

Ln,t ,s aU " «* separate pump for clamping so that independent clamping and 

upset pressures may be used. 


weld with increasing speed toward the 
finish. It is not considered practical to 
obtain any variation in this flashing ac 
tion, and if a variation is required, it is 
necessary to use interchangeable cams. A 
partial adjustment of total flashing travel 
,s possible by using a stop to prevent the 
rani roller from going all the way back 
0,1 the cam at the end of each weld. 

I lie upset block, however, can be made 
adjustable, usually through the use of 
shims. 

Die connection irom the cam roller to 

the platen is adjustable to provide an 

adjustable die opening or platen separa¬ 
tion. 

I he welding speed or time of revolution 

the cam is adjustable by means of a 


chine with double cylinders and air- 
hydraulic accumulator for fast upset. 

Most automatic hydraulic machines can 
also be adapted to hand or semi-auto¬ 
matic operation. This permits the weld 
on ver >' Drge sections to he started man¬ 
ually and completed automatically. 

Transformer and Regulator .—The 
transformer is essentially the same as 
that used on other resistance welding ma¬ 
chines with secondary pads suitably ar¬ 
ranged. Some suitable barrier is pro¬ 
vided to keep flash and dirt out of the 
windings. The regulator is suitably 
mounted on the frame of the machine to 
he easily accessible to the operator. 

If a range of secondary current and 
voltage greater than that possible with a 
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tapped transformer is necessary, an auto¬ 
transformer may be provided. 

Clamping Mechanisms and Fixtures .— 
Many styles of clamping fixtures, several 
of which are shown in Fig. 16, have been 
developed for various types of work, and 
these may be grouped into two general 
types as follows: 

(a) Vertical: This type has a verti¬ 
cal action, and the upper die or jaw 
may be hinged at one end, in which 
case, it is called an alligator clamp, or 
the upper die may operate in a slide. 

Where the nature of the work per¬ 
mits, the alligator type is preferred due 





C. \ ertical, hand-toggle operated. 


to its greater simplicity, especially in 
large sizes. However, due to difficul¬ 
ties in maintaining uniform clamping 
pressure over the entire width, its use 
is limited to a weld line of about 20 
inches. When the weld line exceeds 
this, a beam-type fixture is usually 
used. In this type, the beam is hinged 
in the rear and latched in front; then 
both front and rear are operated by 
air or hydraulic cylinders. 

The alligator fixture is commonly 
used for strips of all kinds (not ex¬ 
ceeding 20 in.), bar stock and special 
sections.. Closed bands such as auto¬ 
motive rims require this type of fixture. 

The slide-type fixture is adaptable 



D. Vertical, air-toggle operated. 




F. Horizontal, direct-air operated. 

Fig. 16.—Several Typical 
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to a wide variety of work, such as 
wide strips or sheets and other special 
applications. Since this fixture may 
have considerable height, it cannot be 
used where this height may interfere 
with the work, such as in welding 
closed bands. 

( b ) Horizontal: This type of fixture 
has a horizontal action, and its principal 
advantage lies in the fact that usually 
both front and back dies carry current. 
For this reason, it is generally desirable 
to use this type of fixture for tubing, 
also large round bars and other large 
concentrated sections. Another ad¬ 
vantage lies in the ease with which 
alignment of the work-pieces may be 


obtained. The fixtures are usually pro¬ 
vided with screw or wedge adjustments 
which permit the work to be aligned 
both vertically and horizontally. 

Type of Operation .—Most styles and 
types of fixture can be arranged for 
hand, air or hydraulic operation, and 
the selection of the type of operation 
depends on the size of fixture, clamping 
pressures required and other considera¬ 
tions. Various mechanical motions are 
employed to intensify the force from the 
power source, as (a) simple lever, (b) 
simple or compound toggle, ( c ) cams, 
(d) eccentric, etc. 



J. Alligator, air lever operated. 



G. Horizontal, air toggle operated. 




K. Alligator, air-toggle operated. 



I. Alligator, air toggle operated. 


1 1 as 1\ - Weld in cj Clamping Fixtures 




Vertical, double air-toggle oeprated with 

front gate. 
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Small machines (50 kva. and under) 
usually have the clamping fixtures built 
integrally with the platens, while the 
larger machines are generally of flat 
top construction with bolted fixtures. 

Backups and Locators .—Large flat 
sheets, rings and bands and other sections 
must be clamped in the dies with sufficient 
pressure to prevent slippage during upset. 
This may require extremely large and 
heavy fixtures. However, if the work 
is of such a nature that it can be backed 
up outside the fixture, then only sufficient 
clamping pressure to insure good electrical 
contact is necessary and the fixture may 
be considerably lighter. These backups 
are usually adjustable to accommodate the 
range of work length required and must 
be sufficiently sturdy to withstand the 
upset force without yielding or deflecting. 

Various types of locators may be re¬ 
quired for holding the work in proper 
position in the dies. These may be 
simple stops or guide bars, and again, 
may be more elaborate to hold bars 
exactly concentric and parallel. 

Controls 

Controls for flash- and upset-welding 
machines are quite simple and consist 
principally of a contactor for applying 
the welding current and a means for clos¬ 
ing and opening it. 

Contactors .—Magnetic contactors are 
best suited to most installations, and are 
the most commonly used. On hand- 
operated machines, they are closed by 
push button or foot switch and opened 
also by hand or by a limit switch mounted 
on the platen and connected in series with 
the push button. On motor-driven or 
automatic hydraulic machines, they are 
closed and opened by means of a limit 
switch operated by means of an adjustable 
cam. 

Ignitron or tube contactors are also 
used. These give satisfactory service, 
but it is also usually necessary to use a 
load resistor with 100% duty cycle rating. 

Auxiliary Controls 

For welding certain types of steel, 
usually air-hardenable types, it is some¬ 
times necessary or desirable to apply a 
postheat or normalizing operation imme¬ 
diately after welding. To accomplish 
this, it must be possible to unclamp the 
work, reclamp it with greater die opening 


and again apply the current, usually of 
a lower value. This requires a second 
contactor connected to a different tap 
on the transformer. This postheating 
may be controlled entirely by hand or 
by means of a timer. If a tube contactor 
is used, a phase-shift heat control with 
two control stations may be used, one for 
w elding and one for postheating. 

RESISTANCE WELDING 
ELECTRODES 

Electrodes, whether for spot welding, 
seam welding or flash welding, all per¬ 
form the same function. They conduct 
the welding current to the work. Some, 
as in spot welding, conduct the current 
and provide the welding force. Others, 
as in butt welding, conduct the current 
but provide welding force in a different 
plane. Spot-welding and seam-welding 
electrodes have a very high current den¬ 
sity at the point of contact with the work. 
On the other hand, projection-welding 
and upset-welding electrodes may have a 
relatively low current density. 

It is not possible to lay down a set 
of rules for proper electrode selection for 
all applications. However, by an under¬ 
standing of the governing factors, a rea¬ 
sonably close approximation can be made, 
with the final selection usually being 
worked out experimentally on a produc¬ 
tion basis. Often the best material for 
a given job may be determined by the 
maintenance policy of the individual plant. 

Electrode Material Standards 

The physical properties required for 
electrodes vary with the types of mate¬ 
rials being welded. Recommended uses 
of RWMA standard alloys, based on use 
with proper equipment, are as follows: 
Group A—Copper Base Alloys 
Class 1 .—Class 1 alloy is a superior 
substitute for pure copper as an electrode 
material and is recommended as a general- 
purpose material for resistance welding 
applications. It may be used for spot¬ 
welding electrodes, seam-welding elec¬ 
trodes, seam-welding shafts, flash- and 
upset-welding dies, projection-welding dies 
and fixtures. 

It is specifically recommended, because 
of its high electrical and thermal conduc- 
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tivity, for spot-welding aluminum alloys, 
magnesium alloys, coated materials (terne 
plate, tin plate, galvanized iron, cadmium 
plate), brass and bronze. Class 1 alloy 
is not used in cast form. 

Class 2. —Class 2 alloy is a superior 
resistance-welding electrode material 
specifically recommended for high level 
production spot and seam welding of clean 
mild steel, low-alloy steels, stainless steels, 
low-conductivity brasses and bronzes, 
nickel-silver, nickel and nickel alloys in¬ 
cluding Monel. It is suitable for pro¬ 
jection-welding dies, seam-welding shafts 
and bearings, flash- and upset-welding die' 
and current-carrying structural members. 

It is available as high-strength and 
high-electrical conductivity castings for 
such use as gun welding arms, welding 
platens and secondary circuit structural 
members. The Class 2 alloy is heat- 
treatable. 

Class 3. —Class 3 alloy is specifically 
recommended for projection-welding dies, 
flash- and upset welding dies, current 
carrying shafts and bushings. A* cast 
ings, Class 3 alloy (having higher strength 
than ( lass 2) is recommended for highly 
stressed, structural, current carrying ma 

chine members and heavy dut\ offset elec 

* 

trode holders. 

Class 3 alloy electrodes are not gen 
erally recommended for spot welding but 
may he used advantageously for spot weld 
mg steels having high electrical re-Lt- 
ance, such as stainless steels. The ( lass 
3 alloy is heat-treatable. 

H — Copper-Tunystin Alloys 

Class 10 .—Class 10 is recommended a** 
facings or inserts for projection-welding 
electrodes and flash and upset-welding 
dies where high electrical conductivity is 
desirable and a degree of malleability is 
necessary. 

Class 11 —Class 11 (a harder material 
than ( lass 10) is recommended as fac 
mgs and inserts for flash- and upset-weld 
tng dies and general-purpose projection- 
welding electrodes. It may also be used 
as seam-welding bearing inserts and fac¬ 
ings for electro-forming or electro-forging 
dies. It is recommended for spot weld¬ 
ing of steels having high resistance, such 
as stainless steel. 

Class 12 .—Class 12 material is specifi¬ 
cally recommended for heavy-duty projec¬ 
tion-welding electrodes and for die facings 
in electro-forming and electro-forging ap¬ 


plications. It is suitable as die material 
for electrical upsetting of rivets and 
studs. 

Class 13 .—Class 13 material is recom¬ 
mended principally for welding or braz¬ 
ing nonferrous metals having relatively 
high electrical conductivity. 

Cross-wire welding of copper and brass 
wires and welding of copper wire braid 
to brass and bronze terminals are typical 
applications. Generally, special setups 
and procedures are required for this type 
of work. 

Types of Alloy 

Each class oi electrode material has 
been found most suitable for a particular 
group of applications. There is a con¬ 
siderable difference in the electrical con¬ 
ductivities of the materials, because ex¬ 
perience has indicated that high electrical 
conductivity, however desirable it may 
he. is often not so important to the 
economy oi the operation as long life and 
long service between dressings. Increased 
wear resistance (high hardness and pro¬ 
portional limit ) is accompanied by lower 
conductivity. This suggests selection of 
fleet rode material in the classification 
which has the least conductivity that will 
produce good welds lor a given applica¬ 
tion, so as to take advantage of the 
greater wearing properties. It should he 
noted that it the conductivity is too low, 
sticking or alloying of the electrode face 
is experienced, particularly in spot and 
seam welding. 

Hardness at room temperature (usually 
accepted as a good index of wear resist¬ 
ance) is not necessarily a reliable guide 
to expectancy of life in electrode mate¬ 
rial, because it does not indicate a defi¬ 
nite degree of resistance to deformation, 
or mushrooming. A preferred method 
of measuring the resistance to deforma¬ 
tion is to determine its proportional limit. 

Since most metals and their alloys tend 
to undergo a decrease in mechanical prop¬ 
erties at elevated temperatures, a minimum 
heating of the electrode material is de¬ 
sirable. Figure 17 shows temperature- 

hardness curves for various electrode 
materials. 

Class 1 electrode materials owe their 
mechanical properties to composition and 
cold work, and will withstand deforma¬ 
tion at considerably higher temperatures 
than hardened pure copper. 

Class 2 electrode materials derive their 
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properties from a combination of com¬ 
position, cold work and heat treatment. 
Class 3 materials are heat treated and 
may or may not be cold worked. These 
two classes of material will operate satis¬ 
factorily at higher temperatures than Class 
1 alloys which are not heat treated. 

Group B electrode materials are not 
solid solution alloys but pressed and 
sintered mixtures of tungsten and copper. 
They are recommended for application 
where extremely high resistance to de¬ 
formation is of more importance than 
electrical conductivity. 


tivity of the electrode and the surface 
condition, chemical composition and other 
factors affecting the weldability of the 
metal being fabricated. Spot-welding 
electrodes should be easily removable 
from their holders to facilitate replace¬ 
ment for remachining or for substitution 
of a new electrode. There are several 
types of mountings and means of clamp¬ 
ing or securing electrodes in holders. The 
RWMA standard mounting is that of a 
No. 1, No. 2 or No. 3 Morse taper shank 
on the electrode, fitting into a correspond¬ 
ing socket in the electrode holder. Figure 



Spot-Welding Electrodes 

The spot-welding electrode is in direct 
contact with the work at the weld, with 
a relatively small area of contact, and 
the possibility of metal pickup or sticking 
of the electrode is a primary considera¬ 
tion. The proper alloy should be selected 
on the basis of adequate electrical conduc- 


18 illustrates RWMA standard electrode 
holders. 

Electrode Design .—Many factors affect 
the design of electrodes, such as accessi¬ 
bility of the weld area, composition and 
thickness of the parts being welded, 
finished surface requirements, etc. 

Principal considerations in electrode de- 
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sign are: Electrode material; electrode hundreds of electrode shapes have been 

shape and dimensions; and provision for devised. 

cooling. 

The ideal shape is the straight electrode. Electrode Maintenance .—Good main- 
This should always be used when the tenance of electrodes is necessary for the 

accessibility of the weld area makes it production of good consistent welds. Al- 

possible, because the load on the electrode lowing electrode deterioration to proceed 

is always a compression load, electrode tip until welds become unsatisfactory is poor 

wear is more nearly uniform and main- practice. Abnormal increases in the size 

tenance is lowest. For the welding of of contact area will impair weld strength 

joints that are not readily accessible for and quality. If a Vi-in. diam. electrode 

welding with a straight electrode, many face is allowed to increase to 5 /io in. by 



Fig. 18.—RWMA Standard Straight and Offset Holders 
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mushrooming, the contact area is in¬ 
creased 509c, with a corresponding de¬ 
crease in current density. Unless this 
is compensated for by an increase in weld¬ 
ing current, the result will be weak welds 
or no welds at all. 

Another danger sign is the production 
of poorly shaped spots, which may be 
caused by: 

(a) Non-circular outline of tip face. 

(b) Use of too large a flat face on 
the tip. 

(c) Use of flat tip with blunt and 
irregular edge. 

( d ) Concavity or convexity of the 
tip. 

O) Failure to maintain tips parallel 
to the work. 

(/) Misalignment of electrodes. 

Coi rect alignment is relatively easy 
when stationary machines are used, but 
with gun-type machines lack of alignment 
is common, and will be more or less seri¬ 
ous depending on the ease of manipulating 
the equipment for the particular applica¬ 
tion. Therefore, it is to be expected that 
the same electrode will have longer life 
between dressings on positioned work 
(stationary machines) than on non-posi- 
tioned work (gun welders). 

Since mushrooming is largely the result 
of annealing, it follows that to keep the 
electrodes properly maintained, they must 
be effectively cooled. The presence of 
water does not necessarily assure cooling. 
It must be circulating water, free from 
dead spots which produce steam pockets. 
Provision has been made in the recom¬ 
mended holders for adjustable cooling 
tubes so that circulation as close to the 
electrode face as possible is assured. This 
is an important consideration too often 
neglected. 

The shape and finish of the electrode 
face are of paramount importance. 
Finishes and shapes made by hand filing 
in the machine are not conducive to 
either good welds or long life. Hand- or 
power-operated electrode milling cutters 
are available, as well a> hand-operated 
contour polishing devices. 

For best maintenance, it is recom¬ 
mended that knock-out type holders be 
used and that a large supply of electrodes 
be kept available. Worn electrodes should 
be removed and remachined in lots in a 
lathe, using the special tools which are 
available for this purpose. 

Compounds must not be used to prevent 


water leaks between the electrodes and 
holders. The connection of the holder 
to the machine arm should be firm and 
tree from dirt, oil or oxide. 

Seam-Welding Electrodes 

Seam-welding electrodes are generally 
in the form of wheels and are sometimes 
referred to as seam-welding wheels. An 
exception to this is when a flat anvil or 
mandrel is used on one side with a wheel 
on the other. In either case, however, 
the actual application is essentially the 
same as spot welding and the electrode 
materials are generally the same. Only 
the shape is changed. 

Seam-welding wheels are of two types, 
one for knurl or friction-roll driven ma¬ 
chines, the other for gear or idling appli¬ 
cations. The essential difference between 
the two types is their thickness and 
welding face contour or shape. Knurl 
or friction roll driven wheels must fit 
the knurl contour or shape. Knurl-driven 
wheels are used principally on coated 
stock, because during the welding opera¬ 
tion, the coating sticks or alloys to the 
w heel face. 1 he knurling on the drive 
roll breaks up this coating. The friction 
drive roll is the same as the knurled roll 
but with the knurling omitted. Both, 
however, are so constructed as to con¬ 
tinually dress the sides of the wheel, thus 
preventing mushrooming and maintaining 
uniform face width. Gear driven or 
idling wheels are sometimes provided 
with an idling knurling tool to perform 
this same function. 

Projection-Welding Electrodes 

For projection welding, it is necessary 
to maintain the opposing faces of the 
dies parallel. If the dies wear non-uni- 
formly, or if they develop cavities, non- 
uniform pressures and current densities 
will result, thereby producing non-uniform 
and defective welds. 

Projection-welding dies have flat sur¬ 
faces with larger contacting area than 
spot-welding electrodes. The deteriora¬ 
tion of the dies is not so great as in the 
case of spot welding since the heat and 
wear are distributed over larger areas. 
However, since most projection-welding 
dies are produced to accurate dimensions 
and involve accurate machine work, the 
use of the best possible materials results 
in the lowest operating cost. Due to 
the larger contact area the dies may be 
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made from materials having relatively 
lower electrical conductivity than those 
employed in spot welding. Thus ad¬ 
vantage is taken of the superior wear 
resistance of the higher strength alloys 
such as Class 3 and Group B alloys. 

Some projection-welding dies are quite 
simple, others are more complicated, de¬ 
pending on the nature of the job. The 
simplest construction provides the die 
and die holder in one piece, bolted or 
clamped directly to the machine platens. 
Others are made up in sets with remov¬ 
able or replaceable inserts. The selection 
of materials for one-piece dies depends 
on the nature of the job and the production 
requirements. For the less exacting jobs, 
solid dies of RWMA Class 2 or Class 3 
alloys give good results. For higher pro¬ 
duction, and especially where lost time 
due to die maintenance is an important 
factor, the bases may be of Class 2 or 3 
alloy with brazed inserts or facings of 
Class 11 or 12 material. If the projections 
are close together, the entire facing may 
be one piece, but if they are sufficiently 
separated, individual pieces are desirable. 

Projection-welding dies frequently have 
gages, clips, locators, etc., attached to 
them. In the use of such devices, care 
must be exercised to prevent them from 
carrying current with resultant pitting. 

Installation and Maintenance .—The suc¬ 
cess of project ion-welding operations in 
production depends largely on three fac¬ 
tors as far as electrodes are concerned: 

1. Proper selection of materials. 

2. Proper installation. 

3. Proper maintenance. 

Assuming that the dies are of correct 
design and construction, the installation 
is next in importance, hirst, the platens 
of the machine should be carefully checked 
to make sure that they are level and at 
right angles to the motion of the ram. 
The platens must also be smooth and 
clean—free from dirt, nicks, pitmarks, etc. 
If these conditions are not met, the 
platens should be removed and machined 
before any attempt is made to install the 
dies. The check for parallelism of the 
platens must be made under normal 
operating pressures. This can best be 
done by inserting a steel block with 
known smooth arid parallel faces between 
the platens and checking with feelers. 
Another good check is to place tissue 
paper under the comers, then feel for 
looseness. Prussian blue or carbon paper 


may be placed on the block to register 
on the paper. However, never allow 
Prussian blue to get on the platens, as 
it is difficult to remove and can start cor¬ 
rosion of the platens. Next, check the 
base of the die blocks. They must be 
clean, smooth, level and free from burrs 
and nicks; if not, a machine cut should 
be taken. 

The dies can now be installed in the 
machine. Most machines have tee-slots in 
the two platens cut at right angles to 
one another to permit universal alignment 
of the dies. When they are properly 
lined up, they should be bolted down 
securely. W ith the work in place, the 
ram or knee (whichever is adjustable) 
should be adjusted for the proper stroke, 
making the necessary allowance for up¬ 
set of the projections. 

If the faces of the projections are all 
in one plane, and if they have been checked 
for uniform height, it now can be as¬ 
sumed that the set-up is ready for trial 
welds. If the trial indicates non-uni- 
lormity of current or pressure, before 
attempting to correct the dies, make sure 
that the trouble does not lie somewhere 
else, as (<i) shunting of current through 
locators, ( b) unequal distribution of cur¬ 
rent caused by some projections being 
considerably closer to the transformer 
than others; (c) too much play in the 
welding head; (d) too much deflection in 
the knee. 

Ihe use of shims between die com¬ 
ponents or between dies and platens is 
to be avoided as much as possible, but 
this is generally regarded as a necessary 
evil. If the correct alignment cannot be 
obtained otherwise, there is no other re¬ 
course. When shims must be used, they 
should he only of high-grade soft copper 
sheet and with sufficient area to carry 
the necessary current. Also, they must be 
absolutely clean. 

If the projections are located on curved 
or angle surfaces, accurate templets should 
he provided for checking the dies, keeping 
in mind that the final proof of the setup 
is the actual weld. Also, when welding 
curved surfaces, or two or more pieces 
to other parts, difficulties may be en¬ 
countered on account of the manufacturing 
tolerances of the metal thicknesses in¬ 
volved. I here is no cure for this condi¬ 
tion except to provide for it in the design 
of the parts and arrangement of projec¬ 
tions. 
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Flash- and Upset-Welding Dies 

Flash- and upset-welding dies present a 
somewhat different problem from other 
forms of resistance-welding electrodes. 
They do not come in direct contact with 
the weld, but are often subject to higher 
unit pressures. They do, however, con¬ 
duct current to the pieces being welded. 
Also, unlike other types of electrodes, die 
materials selected for various applications 
do not depend upon the material being 
welded, but the selection is often governed 
by the physical shape of the work-pieces. 

Since the current carried per unit of 
contact area is relatively low, the con¬ 
ductivity of the die material is not as 
important. The important factor is its 
compressive strength. For welding sheets, 
tubes, bars, rods, etc., with smooth sur¬ 
faces, the electrode material should be 
very hard. If the surfaces are pitted, 
scaly or otherwise uneven, the material 
should not be so hard, thus permitting 
the electrodes to partially adjust them¬ 
selves to the work-pieces. For forgings 
and castings, still softer materials should 
be used. It will be noted that the mate¬ 
rial being welded (stainless steel, low- 
carbon steel, aluminum, brass, etc.) has 
practically no effect on the die material. 
However, nonferrous metals require good 
current distribution in the dies, so that 
for these, materials having higher con¬ 
ductivities are desirable. 

There are no standards for the design 
of upset welding dies, due to the variable 
nature of the work parts. Dies, like 
machines, must be suitable for all con¬ 
ceivable shapes, forms, etc., that can be 
welded. Dies for flat-top machines are 
bolted or clamped either directly to the 
machine platens, or held in die holders 
which are, in turn, bolted or clamped to 
the platens. When dies are mounted in 
holders, they are usually not water cooled, 
but the holders are. 

Flat-top machines usually introduce 
welding current to the work through the 
lower die only, in which case the upper 
die may be made of tool steel, Stellite¬ 
faced steel or aluminum bronze. Where 
conditions permit, these upper dies are 
serrated to provide greater gripping ac¬ 
tion to resist upset forces. 

Clamping fixtures designed for weld¬ 
ing bar or tubular stock are often de¬ 
signed to accommodate inserts for han- 
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dling various diameters. This construction 
greatly reduces die costs when a con¬ 
siderable number of sizes are involved, 
as for example, when separate dies must 
be used for drills in each Vw-in. diam. 
and sometimes in 32nds. The dies in all 
cases should fit the work exactly. 

For clamping forgings and castings, the 
dies should be properly routed out to 
follow the contours. While it is difficult 
to give specific instructions, it is im¬ 
portant that a good fit be made on con¬ 
tact surfaces adjacent to the weld, with 
the remaining contact surface sufficiently 

good to maintain alignment of the parts 
being welded. 

Most horizontal fixtures are provided 
with universal die adjustments for secur¬ 
ing alignment. Some machines are also 
provided with vertical adjustment on one 
or both of the lower dies. When no 
adjustments are provided, it is necessary 
to shim one of the dies. The use of 
shims should be avoided as much as 
possible, but when it is necessary, certain 
precautions should be followed: 

(a) Use as few shims as possible. 
That is, use one shim 0.010-in. thick 
rather than two 0.005-in. thick. This 
reduces the number of contact surfaces. 

( b ) Make sure all shims are clean 
and have no ragged or folded edges. 

( c ) It should not be necessary to 
shim both sides. 

( d ) , All surfaces in contact with 
the shims should be clean. 

( e ) Keep alert for signs of corro¬ 
sion. This is manifest first by ex¬ 
cessive heating of the dies. If any of 
the contacting surfaces become dis¬ 
colored or black, do not allow them to 
get worse. Clean them immediately. 

(/) Do not try to file any of the 
contacting surfaces. They should be 
accurately machined. 

(g) Be particularly careful of the 
platen-contacting surfaces. Machine 
operations on these are very expensive. 

With proper care, electrode maintenance 
on flash welding machines should be a 
minor problem. 

RESISTANCE WELDING CONTROLS 

The proper functioning of any re¬ 
sistance-welding machine depends in a 
large measure on its controls. These 
controls provide two principal functions: 
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initiating and stopping the flow of cur¬ 
rent, and controlling the magnitude of 
current—and they fall into three general 
groups: 

1. Contactors. 

2. Sequencing and timing devices. 

3. Accessory devices. 

These control devices may be applied 
to a machine as individual units, or they 
may be grouped into a single enclosure. 

Welding Contactors 

A contactor is defined as a device for 
repeatedly establishing and interrupting an 
electric power circuit. In the case of 
the welding contactor, this power circuit 
is the primary circuit of the welding 
transformer. There are three basic types 
of welding contactor: 

1. Magnetic contactors (ordinary or 
synchronously interrupting). 

2. Electronic contactors (with igni- 
trons or thyratrons). 

3. Mechanical contactors (motor- or 
foot-pedal operated). 

Specific jobs performed on any ma¬ 
chine will vary considerably. It is there¬ 
fore recommended that the welding con¬ 
tactor size be selected to handle the 
maximum input which the machine is 
capable of taking from the power line 
under welding conditions with the current 
regulator at the highest tap. This input 
may be expressed as the maximum kva. 
demand. The input current under these 
conditions is expressed as the maximum 
demand rms. amperes. 

Magnetic Contactors .—A magnetic con¬ 
tactor consists of current-carrying contact 
members actuated by an electromagnet. 
When electrically energized, the magnet 
supplies the closing force which brings 
the contacts together to establish the 
power circuit to the primary of the weld¬ 
ing transformer. When de-energized, the 
magnetic pull disappears and the contacts 
are opened by spring pressure and gravity. 
Types available are: 

1. Single-pole contactors to break 
one side of the single-phase power line. 

2. Double-pole contactors to break 
both sides of the single-phase power 
line. (Can be connected with poles in 
series or parallel on one side of the 
line.) 

3. Synchronously interrupting mag¬ 
netic contactors. (Usually single-pole.) 


Any of the above three types of con¬ 
tactor may be used when applied within 
its respective current and duty cycle 
ratings. 

Synchronously interrupted magnetic 
contactors open the power circuit at an 
instant when the alternating current wave 
approaches zero. This opening at zero 
current means that virtually no arcing 
results. Elimination of the arcing pro¬ 
longs contact tip life and permits worth¬ 
while increases in ratings as compared to 
the conventional types. 

In general, standard magnetic contactors 
intended for industrial service are not 
satisfactory for resistance welding appli¬ 
cations. Instead, construction involving 
nearly frictionless bearings, light moving 
parts, short contact gaps, strong contact 
spring pressure, large cross-section cur¬ 
rent-carrying parts, special magnet struc¬ 
tures and unusual arc-suppressing means 
have been found necessary. 

Magnetic contactors are classified by 
six size numbers with nominal and maxi¬ 
mum demand ampere ratings as given 
in the following table: 


NEMA Size 

Number 

OW 
1W 
2W 
3 W 
4VV 
5W 


Nominal 
Rating, Amp. 

50 

100 

150 

300 

600 

900 


Maximum 
Demand 
uring Welding, 
Rms. Amp. 

200 

400 

600 

1200 

2400 

3600 


The nominal rating represents the load 
which can be carried continuously without 
exceeding the temperature rise on which 
the rating is based. It has little meaning 
except for comparison purposes, since re¬ 
sistance welding service is intermittent in 
nature. 

Contactors for any given machine or 
application are determined by the maxi¬ 
mum demand and the duty cycle. For 
most applications, the duty cycle can be 
neglected and the selection made by maxi¬ 
mum demand only. If any doubt exists, 
the manufacturer’s recommendation should 
be obtained. 

Electronic Contactors .—Electronic con¬ 
tactors are electronic switching devices 
which control the current to the primary 
of the welding transformer. The primary 
current is carried in its entirety by con¬ 
trolled gaseous discharge tubes called 
ignitrons. The ignitron contactor is es¬ 
pecially valuable for those applications 
requiring an extremely high number of 
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welding operations per minute or which 
require extremely high welding currents. 
Either of these conditions imposes very 
severe duty on mechanical contactors. 

Standard sizes of electronic welding 
contactors mount two inversely connected 
tubes to make and break one line of a 
single-phase welding system. 

Figure 19 shows a typical diagram of 
an ignitron contactor connected to a 
machine. The contactor consists of two 
ignitron tubes connected in inverse parallel 
so that one of the tubes carries the posi¬ 
tive half-cycle of welding current and 
the other carries the negative half-cycle 
of welding current. These two tubes to¬ 
gether act as a single-pole electronic 


The ignitor will cause the ignitron to 
begin conducting current if a sufficient 
pulse of current is passed from the ignitor 
to the mercury pool. The ignitron will 
not stop conducting current until the 
current has been reduced to zero which 
occurs at the end of each half cycle of 
alternating current. It is then seen that 
the ignitor must start conduction for each 
individual half-cycle during which current 
flow is desired. 

The control circuit of the tube con¬ 
tactor is very simple and is shown in light 
lines in Fig. 19. The copper oxide 
rectifiers are used to allow current flow 
from the ignitor to the mercury pool only. 
A control circuit fuse is provided for 



Fig. 19.—Schematic Diagram of Tube Contactor Power and Control 

Circuits 


switch to control the flow of current in 
the primary of the welding transformer. 

An ignitron tube is constructed as 
shown in Fig. 20. It consists of a steel 
vacuum-tight container with a pool of 
mercury in the bottom to serve as a 
cathode, a graphite anode at the top 
supported by an insulating glass bushing 
through which the power lead is brought 
to the anode and an ignitor which is used 
to start the flow of current in the tube. 

Most ignitrons are water-cooled and 
have a water jacket made of stainless 
steel to prevent corrosion. 

The ignitron is a rectifier since current 
will flow only from the graphite anode to 
the mercury pool cathode. Hence, two 
tubes are required to conduct alternating 
current. 


protection of the ignitors and isolation 
of the remainder of the control circuit 
from the power circuit. A water-flow 
relay is provided in the contactor to 
prevent operation of the contactor with 
insufficient cooling water in the jackets. 

The tube contactor energizes the weld¬ 
ing circuit when the control circuit is 
closed. This control circuit requires no 
additional voltage, its potential being 
obtained from the power circuit. Each 
ignitron is fired for each conducting 
half-cycle by its ignitor which is ener¬ 
gized through the control circuit when¬ 
ever the control circuit is closed by the 
timer. 

A surge suppressor resistor is con¬ 
nected across the primary of the welding 
transformer, to absorb the magnetic 
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energy which may be left in the welding 
transformer at the end of the weld. 

The effect of duty cycle on the selection 
of ignitron tube sizes is much more critical 
than for magnetic contactors. This is 
particularly true since duty cycle averag¬ 
ing time is a matter of a few' seconds, de¬ 
pending on the tube size. Tube manu¬ 
facturers' rating charts should be care¬ 
fully followed in the application of these 
tubes. 


Mechanical Contactors .—Mechanical 
contactors may be either single-pole or 
double-pole, and consist merely of con¬ 
tacts actuated by motor-driven cams or 
eccentrics. They are sometimes driven 
directly by the welding machine itself. 
Mechanically-operated contactors have 
largely been superseded by other types be¬ 
cause they do not have the flexibility 
necessary for modern requirements. 



r»«. ao -Or— •Section of Typical Ignitron 
Tuba Showing Otn#r#l r**tur%* of Construction 


Ignitron tube* require a minimum load 
current to insure satisfactory operation 
If the primary current to the machine 
liable to be less than 40 amp, an auxiliary 
load resistor should lie used. This re¬ 
sistor is permanently connected in parallel 
with the machine terminals and merely 
provides the required minimum tube load¬ 
ing 


Timing and Sequence Controls 

Modern high-speed welding requires 
controls to sequence the operation of air 
and hydraulic machines, and also to ac¬ 
curately lime the application of current. 

Weld timing devices are classified in 
two general types^non- synchronous and 
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synchronous precision. There are several 
kinds of each type. 

Non-Synchronous Types .—A non-syn- 
chronous timer is one which starts and 
stops the flow of welding current at 
random points with respect to the line 
current wave form. Closing and opening 
the welding contactor at random points 
on the wave form result in a variable of 
time as well as a variable in current input 
to the machine. The time variable will 
be at least plus or minus Vs cycle and 
sometimes more. On welds of 20 cycles 
duration or more, this results in a low 
percentage of variation and can usually 
be neglected. If the welding time is below 
10 cycles, this percentage of variation be¬ 
comes somewhat greater, usually re¬ 
quiring synchronous precision timing. 
From 10 to 20 cycles, the nature and 
quality of the work will determine the 
type of timing. 

Several types of mechanisms are em¬ 
ployed to obtain timing periods. As out¬ 
lined later, these timing periods also in¬ 
clude, in addition to the weld time, 
sequencing periods for completely con¬ 
trolling the operation of the machine. 
These timing mechanisms are: 

Electromagnetic. Timing by the elec¬ 
tromagnetic or induction principle is 
based upon the interval required to dis¬ 
charge energy stored in the field of a 
specially designed magnet. A direct- 
current charging source, usually a 
copper oxide rectifier, supplies a charg¬ 
ing current for the system, and the 
energy stored in the field of the magnet 
coil is discharged through a paralleled 
resistance when the charging circuit is 
interrupted. The time required for the 
magnet to discharge is inversely propor¬ 
tional to the value of resistance con¬ 
nected in parallel with the coil—infinite 
resistance providing the shortest timing 
period possible with the design of 
mechanism used. 

Electrostatic. The electrostatic prin¬ 
ciple is based upon the constant time 
interval required to either charge or 
discharge a condenser of a given size, 
assuming a fixed charging current and a 
specified value of resistance in the 
charge or discharge path. 

Most modern electronic timers are of 
this type. 

Pneumatic. A pneumatic timer is a 
mechanical device, consisting of elec¬ 
trical contacts actuated by delay mech- 
canisms involving the transfer of a 
small volume of filtered air from one 
chamber to another. A regulated ori¬ 


fice determines the speed of transfer of 
air,, and therefore the length of the 
timing period. A needle valve with ad¬ 
justing knob is .used to set the timing 
period. The time setting is usually 
indicated in cycles on a calibrated dial 
geared to the needle valve. 

Motor. Motors having a constant 
operating speed can be applied for 
timing purposes. Cam-operated contacts 
close and open the circuit to the operat¬ 
ing coil of the. welding contactor. A 
clutch is sometimes used to engage and 
disengage the cam shaft, allowing the 
motor to run continuously. Occasion¬ 
ally the cam shaft is directly connected 
to the motor which is then started and 
stopped at the beginning and end of 
each timing period. 

Synchronous Precision Timers. —A syn¬ 
chronous precision timer provides an 
accurate timing period and both closes 
and opens the primary circuit of the 
welding transformer at precisely the 
same point with respect to power-circuit 
voltage in making each weld. Thus the 
current wave form is consistent and the 
energy delivered to the welding trans¬ 
former is the same for consecutive opera¬ 
tions. 

The control of the point at which the 
the power circuit is closed is vital for 
precise results. If the highly inductive 
circuit, characteristic of a welding trans¬ 
former, connected to the power circuit 
at a point corresponding to zero current 
(if current were flowing), then no tran¬ 
sient will occur and the current during the 
first half-cycle will be practically the 
same as the steady state current through¬ 
out the weld. On the other hand, when 
the power circuit is closed at the time the 
current would be maximum (if current 
were flowing), a transient primary current 
results. Its peaks are greater in magni¬ 
tude than those corresponding to normal 
or steady state currents. The transients 
in the secondary winding of the trans¬ 
former are not so great but they are 
sufficient to materially affect the energy 
delivered to the weld. 

Figure 21 shows two waves of a.c. 
welding current, one of which is the 
wave type obtained with a synchronous 
timer for all welds and the other is the 
type which occurs to a greater or lesser 
degree in a random manner when using 
a non-synchronous timer. 

The nature of the transient resulting 
from any particular closing of the pri- 
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mary current depends upon the magnetic 
condition of the transformer core, the 
connected load and the point on the voltage 
wave at which the circuit happens to be 
completed. Since the magnetic condition 
of the core depends upon the magnitude 
and direction of the last preceding current 
flowing in the transformer winding, it is 
evident that the point of opening as well 
as closing of the power circuit must be 
controlled if uniform results are to be 
obtained. 

For minimum inrush transient currents, 
the initial half-cycle of current must be 
in the direction opposite to that last flow¬ 
ing and the circuit must be closed at the 


not permit more details on these controls. 
For more information, refer to RIVMA 
Resistance IVelding Manual, or other 
technical books on the subject, some of 
which are listed in the bibliography at 
the end of this chapter. 

In addition to the timer and contactor 
elements, most synchronous controls are 
also provided with heat control, discussed 
later on in this chapter. 

Sequence and Sequence-Weld Timers 

The four basic steps required for the most 
common type of complete spot- or pro¬ 
jection-welding machine cycle are (1) 
time for the electrodes to close and develop 


Watts 


(a) 


<b) 



Con tactor happen 
to close at incorrect 
poin t on vol ta ge wa ve. 

Current 


Contactor closes 
at correct point 
on voltage wave 


Contactor opens at 
correct point on voltage 


wave. 



Flo- 21.—Curves Showing Difference in Current and Watt 
Wavos When Circuit ia Closed Synchronously and Non-syn- 
chronoualy 


(a) Shows closure of the circuit at the incorrect point and 
resultant decaying transient. The opening is also non-syn- 
chronous. 

(b) Shows synchronous opening and closing of the circuit 
at the point of zero current corresponding to minimum transient. 


point where the current would be passing 
through zero under steady state condi¬ 
tions—the exact point being determined 
by the power factor of the circuit, since 
that determines the instant the current 
is zero, if flowing. 

Synchronous controls, both spot- and 
seam-welding types, consist of two princi¬ 
pal elements, contactor and timer. The 
contactor consists of two ignitron tubes 
connected in inverse parallel exactly like 
the ignitron contactor except that the 
copper oxide rectifiers are omitted. The 
ignitrons are fired or controlled by thy- 
ratron tubes, which are, in turn, con¬ 
trolled by a timing circuit. Space does 


pressure on the work (Squeeze Time). 
(2) initiate and time the current flow to 
welding transformer primary (Weld 
lime), (3) hold the electrodes together 
a preset time after weld current has been 
interrupted, while the weld solidifies 
(Hold Time) and (4) open the electrodes 
to allow the work to be moved into a posi¬ 
tion for the next weld (Off Time). 

The weld timing may be either non- 
synchronous or synchronous. If the weld 
timing is non-synchronous, the time 
function may be built into and be an in¬ 
tegral part of the sequence control. Such 
units are called sequence-weld timers. 
When weld timing is accomplished by 
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synchronous control and the sequence of 
welding machine operations is timed, the 
units are called sequence timers. 

Certain resistance welding machines use 
manual or motor-operated electrodes 
geared to a camshaft which initiates the 
weld timer. In most installations of this 
type a single function weld timer is used 
to time only the duration of welding cur¬ 
rent. 

Pulsation welding timers provide for a 
number of welding impulses, the duration 
of each of which is controlled, as well as 
the time interval between impulses. This 
total time is known as weld interval. 


is governed by a cam or other overall 
device. 

NEMA Type 3B —This is the most 
popular timer used today, and controls 
overall sequencing of the welding ma¬ 
chine-squeeze, weld, hold and off 
periods. 

NEMA Type 5B —This is used for 
pulsation welding, and in place of the 
weld time, on the 3B device, provides 
control of weld interval, heat and cool 
times. 

NEMA Type 7B —This is a sequenc¬ 
ing panel for use with a synchronous 
timer, and provides the same functions 
as the 3B. 

NEMA Type 9B —A sequencing panel 


O 
60 



15 



55 

PRESSURE OA/ 

Fig. 22. Complete Operating Cycle for Pulsation Spot Weld 


Welding timers and sequence controls 
have now been reduced to a few types 
which fill most commercial applications: 

NEMA Type 1A —This is a simple 
timer which controls a single function. 
It is used on cam-operated machines, 
or other places where a maintained pilot 
contact is provided. 

NEMA Type IB —This is a timer 
which controls an On and Off Time, 
and is used for pulsation welding where 
the total elapsed time or time interval 


for use with a synchronous panel and 
provides the same functions as 5B. 

For the welding of various types of 
alloy steels, with their attendant metal¬ 
lurgical problems, controls have been de¬ 
signed to provide preheat and postheat, as 
well as more complex program controls. 

Figure 22 shows a complete operating 
cycle when using either a SB or 9B 
timer or sequence panel and specifically 
when operating at a speed of 60 strokes 
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At N, the hold time ends and the sole¬ 
noid valve is de-energized. 

At 0 reversal of air in the cylinder 
starts, and at P sufficient reversal has 
taken place to reduce the pressure to zero 
and start the head up, and at A the head 
has come to rest in its up position com¬ 
pleting the cycle. 

The diagram is proportioned to give 
the following settings: 

Squeeze time: 15 cycles (0-15). 

Weld interval: 24 cycles (15-39) (4 
pulsations each 3 cycles on and 3 
cycles off). 

Hold time: 11 cycles (39-50). 

Off time: 10 cycles (50-60). 


o_ 

60 



per minute. Each complete stroke re¬ 
quires one second and this operation cycle 
is marked off in cycles or 60ths of a 
second. 

Starting at A, the operator presses the 
foot switch which energizes the operating 
coil of the solenoid valve and at the same 
time energizes the squeeze period of the 
timer. 

At B the solenoid valve has operated 
and passed sufficient air to start the head 
on its downward stroke. 

At C the upper electrode contacts the 
work, stopping further motion, at which 
point pressure begins building up on the 
work. 

At D full pressure is established, but 


an additional period to E is allowed for 
safety. 

E marks the end of the squeeze time 
and start of weld interval and welding 
current starts. 

At F welding current stops, starts again 
at G, off at H , on at /, off at /, on at 
P and finally off at L. 

M marks the end of the weld interval 
and start of hold time. 


In this setup, the time allowed for posi¬ 
tioning the work is from P to C (16 
cycles, or slightly over 1 / 4 second). 

The chart does not take into considera¬ 
tion the time required for the timer relays 
to operate, as this requires 7s cycle or 
less and can be disregarded or included 
in the time allowances for the various 
functions. 

Figure 23 shows 


a typical operating 
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cycle for a single impulse weld but 
provided with forge pressure and post¬ 
heat. This is also based on an overall 
operation time of one second. 

At A the foot switch is depressed, and 
at B the head starts down and contacts 
the work at C, establishing full pressure 
at D. 

^ At E welding current is initiated. At 
F forge pressure is initiated, reaching its 
full value at G or about two cycles be¬ 
fore the end of the weld time H. 

At I postheat current is initiated, end¬ 
ing at J. At K the solenoid valve is de¬ 
energized, and at L welding pressure falls 
off, reaching zero at M. The return 
stroke is completed at A and the operation 
is then repeated. 

The diagram is proportioned to give 
the following settings : 

Squeeze time: 15 cycles (0-15). 

Weld time: 10 cycles (15-25). 

Postheat time : 10 cycles (30-40). 

Forge time: 24 cycles (23—47). 

Off time: 10 cycles (50-b0). 

It will be noted that the welding pres¬ 
sure is less than the forging pressure, 
but the welding current is greater than 
the postheat current. Also full forging 
pressure is attained just before the end 
of the weld time. 

Special controls can be obtained which 
will provide many variations in the 
timing periods. 

Timing periods of standard timers are 
shown in Table 1. Most timers are cali¬ 
brated directly in cycles. 


by means of taps on the welding trans¬ 
former or by series-parallel connections 
or by taps on an auto-transformer or by 
any combination of these variable con¬ 
nections. 

The electronic method of heat control 
consists of a device to delay the firing of 
the ignitron tubes each half-cycle the 
current flows and is commonly called 
Phase Shift Heat Control. As this firing 
point on the current half wave is retarded, 
the actual power delivered is reduced, 
which produces essentially the same effect 
as a reduction of voltage on the welding 
transformer. 

Complete control from 100% to zero 
is not feasible, and it is necessary to 
limit the minimum value to 40% rms. 
current for 220-volt applications, and 
20% rms. current for applications of 
440 volt or higher. 

Preheat and Postheat Controls 

A preheat control is an additional ele¬ 
ment interposed between squeeze time 
and weld time or weld interval to provide 
a preheating period. In addition to being 
a time control, it is also usually pro¬ 
vided with an auxiliary heat control sta¬ 
tion so that this preheat current value 
can be controlled independently of the 
welding current. 

A postheat control is the same as a 
preheat control except that it is interposed 
between the weld time and hold time. 
This control is often used on air-harden- 
able steels to prevent too rapid cooling 
of the weld. 


Table 1 Range of Standard Weld Timers, Pulsation Weld Timers, Seq uence Weld Timers 

and Sequence Timers 


Adjustment 


Function 


Timer Types 


--(Range in Cycles) 

60 50 

25 

Weld 

1A 





3-120 

3-100 

2-50 

Squeeze 

Weld 


3B- 

-5B- 

—7B- 

-9B 

3-120 

3-100 

2-50 


3 B— 

-5B 



3-30 

3-25 

2-13 

Weld interval 

IB 


5B 


9B 

9-360 

8-300 

4-150 

Heat 

IB 


5B 



3-30 

3-25 

2-13 

Cool 

1 B 


5B 


9B 

3-30 

3-25 

2-13 

Hold 


3B- 

-5B- 

-7B- 

-9B 

3-60 

3-50 

2-25 

Off 


3B— 

-5B- 

-7B— 

-9B 

3-60 

3-50 

2-25 


Heat Control 

The control of heat or current output 
of the welding machine to the work is 
accomplished in two ways: by varying 
the output voltage of the welding trans¬ 
former and by electronic means. The 
output voltage may be adjustable either 


Voltage Regulator 

The function of a voltage regulator, is 
to maintain consistency of welds with 
varying line voltage conditions. This is 
available for use with synchronous or non- 
synchronous electronic timing controls 
which include heat control by the phase 
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shift method. This regulating compensa¬ 
tor consists of an electronic circuit which 
maintains the rms. value of the welding 
transformer primary current constant 
within plus or minus 2% for line voltage 
changes of plus 10% and minus 20% 
provided other controls will function 
properly over this range. Under these 
conditions, the maximum normal setting 
of the welding machine current by heat 
control should not exceed 80% full ma¬ 
chine output. The unit will compensate 
in less than three cycles for a sudden 
drop in voltage. This unit is adapted for 
welding systems where the power factor 
is in the range from 20 to 70%. 

Current Regulator 

The function of this unit is to provide 
consistency of welds with a given time 
and current setting on the controls where 
fluctuations in the welding current occur 
due to variation in line voltage or to 
change in the electrical constants of the 
welding circuit (such as inserting mag¬ 
netic material in the throat of a welding 
machine and changing the overall react¬ 
ance). This current-regulating control 
will maintain the welding current plus or 
minus 2% of its normal preset value, 
for any combination of changes in the 
load circuit which would normally have 
caused the unregulated current to change 
by plus or minus 20%. If welding cur¬ 
rent is flowing continuously, the regula¬ 
tor will correct fully, within three cycles, 
a change of voltage or impedance. How¬ 
ever, the device will not operate satis¬ 
factorily with a current on time of 5 
cycles or less, nor with a cool time of less 
than 4 cycles. 

Within the limits of heat control adjust¬ 
ment, sudden variations of plus 10% to 
minus 25% in line voltage can be compen¬ 
sated ; however, the allowable voltage 
deviation may be limited by other elec¬ 
tronic control used with the regulator. To 
meet these specifications the heat control 
setting of the apparatus must not exceed 
75% full machine current output. 

ELECTRICAL CHARACTERISTICS 

• 

The electrical system of a single-phase 
a c. resistance welding machine consists of 
(a) transformers and regulator, ( b) 
secondary circuit, including electrodes and 
(c) controls. 

The welding transformer in principle 


is the same as any other iron core trans¬ 
former. The principal difference is that 
due to the low secondary voltage (2 to 
20 volts) and very high secondary current 
(5000 to 100,000 amp.), the secondary 
usually is a copper casting with only 
one turn or, in the case of portable types, 
two or three for the higher voltages. 
The primary is wound with strip copper 
and the secondary is water cooled. The 
regulator is a tap changer for switching 
turns of the primary winding in or out to 
obtain a range of secondary voltages. 

Transformer Ratings 

The electrical rating of welding ma¬ 
chines is based on their transformer rating 
or capacity. This rating is a thermal rat¬ 
ing and has nothing to do with welding 
capacity. The nameplate rating in kva. is 
based upon ability to carry the rated cur¬ 
rent on a 50% duty cycle basis (see 
RWMA published standards). Thus, a 
100 kva. welding transformer can carry a 
100-kva. load for 30 min. out of each hour. 
Power distribution transformers are rated 
on a 100% duty cycle basis. Therefore a 
power distribution transformer rated at 
70.7 kva. would have a rating comparable 
to a 100-kva. welding transformer. 

Welding transformers, however, operate 
at much lower duty cycles. Therefore 
their actual output is usually many times 
their thermal rating. 

Since the kva. rating of a transformer 
specifies the kva. load which it can 
carry at its rated duty cycle without ex¬ 
ceeding a specified temperature rise, the 
rating is thus determined by the rate 
at which the internally generated heat can 
be dissipated through its cooling system. 
The rate at which heat is generated with¬ 
in the transformer increases very rapidly 
as the load exceeds the transformer rating 
and, in order to limit the amount of heat 
generated, it is necessary to limit the 
time that the transformer is actually carry¬ 
ing current by decreasing the operating 
duty cycle of the transformer. For ex¬ 
ample, consider a 100-kva. transforms 
rated at 50% duty cycle. This trans¬ 
former could supply 100 kva. to a machine 
for 10 sec. in every 20 sec. (50% duty 
cycle) for an indefinite period of time. 
The same 100-kva. transformer, however, 
could supply 200 kva. to a machine with¬ 
out overheating if the on time is reduced 
to 2’/ 2 sec. in every 20 sec. (127*% duty 
cycle). 
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The duty cycle of a transformer is de¬ 
fined as the percentage of time the trans¬ 
former is actually carrying current and 
may be expressed by the following form¬ 
ula : 

% duty cycle — 

_Current On time 

Current On time -f Current Offtime X 100 

Secondary Circuit 

The secondary circuit or welding loop 
is usually considered as that portion of 
the welding machine having the funda¬ 
mental function of conducting the high 
secondary current between the secondary 
terminals of the welding transformer and 
the electrodes. This secondary circuit 
is usually composed of the following ele¬ 
ments : 

1. Lower transformer connection be¬ 
tween the transformer and the lower 
electrode holder. 

2. Lower electrode holder. 

3. Lower electrode. 

4. Upper transformer connection be¬ 
tween the transformer and the upper 
electrode holder. 

5. Upper electrode holder. 

6. Upper electrode. 

7. Flexible conductor element to per¬ 
mit a relative movement between the 
upper and lower electrode holders. 

The secondary current output of the 
machine in amperes is equal to the second¬ 
ary voltage of the transformer divided 
by the impedance of the secondary circuit. 
The impedance is determined by the size 
of the secondary conductors, their arrange¬ 
ment or geometry and the frequency of 
the supply current. The throat depth 
and throat height or gap constitute the 
geometry. 

It is well to remember a few general 
principles regarding the secondary cir¬ 
cuit : 

1. With a given secondary voltage 
the welding current will decrease as 
the throat depth or throat gap is in¬ 
creased. 

2. The power factor will decrease 
with increasing throat depth, and will 
decrease more rapidly with increasing 
throat gap. 

3. With the welding of increasingly 
heavier materials which do not extend 
into the throat, the reactance is un¬ 
changed. but the resistance increases, 
and the power factor increases. 


4. Since reactive current is propor 
tional to the frequency, the impedance 
of the secondary is considerably less 
on 25 cycles than on 60 cycles. Con¬ 
sequently, for a given secondary current, 
less secondary voltage is required.’ 
bince the primary demand in kva. is 
proportional to the square of the second¬ 
ary voltage, considerably less kva. is 
required. This reduction in kva. de¬ 
mand will amount to 25 to 50%, depend¬ 
ing upon the geometry of the machine 
and the work; 40% is a general aver¬ 
age. 

POWER FACTOR CORRECTION 

Series Capacitors 

One of the most serious handicaps to the 
u>e of resistance welding is its character¬ 
istic short time heavy load at low power 
factor. 

One common method of improving the 
power factor is through the use of series 
capacitors. A capacitor is a low leading 
power factor device, while the welding 
machine is a low lagging power factor 
device. Therefore, if the two are con¬ 
nected in series with the proper ratio of 
capacitance to inductance, the resultant 
demand from the line can be made to 
approximate 100% power factor. To 
accomplish this, however, a welding ma¬ 
chine must have either an especially 
wound welding transformer or an auto¬ 
transformer and it is necessary to tune 
the machine with the job it performs to 
the proper amount of capacitance. Or. 
the machine may be tuned to unity power 
factor at its maximum demand, then on 
lesser demands the power factor will 
be less than unity. However, as the 
load is decreased, the kva. demand cannot 
increase above that for maximum load, in 
spite of the reduced power factor. 

In general, it is not practical to use 
transformer taps where series capacitors 
are used because of the difficulty of ob¬ 
taining proper tuning. If the system is 
properly tuned for the high tap, it will 
be undertuned to lower taps, which may 
result in a lagging power factor. 

The net result of a series capacitor sys¬ 
tem is the reduction of the welding current 
in amperes being drawn from the supply 
lines for any given welding operation. 
The welding machine itself, will con¬ 
tinue to operate at its natural power factor 
regardless of whether capacitors are 
used or not. Without the use of capaci- 
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tors, the current will be increased as 
determined by its power factor. With 
the use of capacitors, the voltage across 
the welding transformer will be increased, 
also as determined by the machine power 
factor. Thus, if a 440-volt machine oper¬ 
ating at 50% power factor draws 300 amp. 
without the use of capacitors (132 kva.), 
it will draw 150 amp. when corrected to 
unity power factor, but the voltage across 
the transformer will be 880—still 132 
kva. However, this increased voltage is 
supplied by the capacitors and not taken 
from the supply lines. 

Also, the capacitors themselves will 
operate at higher than line voltage, de¬ 
pending on the amount of correction re¬ 
quired. This voltage may be as high as 
three times line voltage, therefore, both the 
transformer and control panel must be 
lnjilt for high voltage service, as well 
as the interconnecting cables. 

A discharge resistor and contactor ^ 
provided on all series capacitor install:* 
tions to automatically discharge and short 
circuit the capacitors when the line switch 

is opened. 

Shunt Capacitors 

Shunt capacitors can he applied to snim- 
types of welding machines, although th# ir 
use is very much restricted due to short 
timing periods involved. Since the initial 
inrush of current is high, this inrush ma> 
actually increase the demand from the line, 
thus defeating their purpose. If the weld 
ing time is comparatively long, such a- in 
non-interrupted seam welding, shunt ca 
pad tors may show an advantage ovrr 
serirs capacitors. 

1 he use of capacitors, either series or 
shunt type, is strictly a matter of power 
supply and has no effect on the weld, 
although in sonic cases, the machine is 
much more sensitive to vsork resistance 
or other variables when operated at high 
l>nwer factors. 

Local conditions invariably determine 
the necessity for jwiwer factor correction 
It adequate povser is available and power 
factor is not too important, capacitors can 
hardly be justified. But. with a limited 
power supply, or a power factor penalty 
or bonus, the use of capacitors may In- 
necessary or desirable. 

THREE-PHASE MACHINES 

As resistance-welding machine* have 


developed into increasingly larger and 
larger units, especially spot and projec¬ 
tion welding machines, they have become 
increasingly difficult to operate from ex¬ 
isting power lines and facilities. 

The earliest attempt to alleviate this 
condition was with the use of motor- 
generator sets. With this method, the 
power could be taken from a three-phase 
line, equally divided between the three 
phases. In addition to taking the load 
from the three phases, it also reduced 
the peak demand to a certain extent, de¬ 
pending on the flywheel effect provided. 

However, this method has two very 
serious disadvantages. First, the cost is 
usually prohibitive, often amounting to 
several times that of the welding machines 
they service. Second, the voltage regu¬ 
lation is very poor. 

Another method of taking power front 
three phases L by transformation, such 
a> with a Scott connection. This, how¬ 
ever, does not provide equal phase dis¬ 
tribution, and the advantage it offers i> 
open to debate 

Within the pa>t levs vears, three sepa¬ 
rate >yMeins have been introduced for dis 
tributing resistance welding loads es¬ 
sentially equally over all three phases. 
Each of these, however, must at this 
writing. l»e considered to he in the de¬ 
velopmental stage, in spite of the fact 
that numerous installations have been 
made. These three systems are commonly 
known ;i> frequency converter, dry-disc 
rectifier and homo-polar. 

Frequency Converter System 

I his machine is provided with a special 
welding transformer with three-phase 
primary ami common, or single-phase, 
secondary. The current in the three 
windings is controlled by ignitron tubes. 

I lie result is such that first one phase or 
winding of t lie transformer is active, 
then another, then the third, and repeat¬ 
ing. J His delivers to the secondary wind¬ 
ing a single-phase current of low fre¬ 
quency (usually 5 to 12 cycles). 

This secondary current, however, is not 
sinusoidal such as supplied by the in¬ 
coming lines, but is a wave consisting of 
the basic low frequency wave accompanied 
by waves of the natural frequency of the 
lint- But the low frequency prevails 
and the reactance of the secondary cir¬ 
cuit is somewhat lower than that of an 
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equivalent single-phase machine. This re¬ 
duced reactance increases the power 
factor, which in turn, reduces the demand 
from the power lines. 

Figure 24 shows simplified connections 
for the frequency converter system. 
While the total load supplied to the 
machine is divided equally between the 
three phases, the total load at any instant 
is taken from a single phase. The flicker 
effect has not as yet been completely ana¬ 
lyzed. 


L« 12 13 



Fig. 24.—Electronic Frequency Converter Sys¬ 
tem 


Dry-Disc Rectifier System 

A three-phase dry-disc rectifier machine 
that is capable of delivering direct current 
into the secondary of the welding ma¬ 
chine, making it possible to produce a 
three-phase lower kva. demand than the 
conventional single-phase machine, is one 
means of handling the problems of lower¬ 
ing the high instantaneous demands found 
in the single-phase a.c. welding machine. 
This type of system can be used for a 
seam, spot or pulsation welding machine 
and may be applicable to flash-welding 
machines. The rectifier stacks have an 
exceptionally long life, are small in size 
as compared to other types of electrical 
components, and are of rugged construc¬ 
tion. They are very suitable to welding 
type load, being capable of standing 
heavy current overloads. For the most 
economical transformer design and most 
satisfactory rectified wave form for the 
particular d.c. output voltage and cur¬ 
rent required in a resistance welding ma¬ 
chine of this type, the rectifier circuit 
should be three-phase full wave (see 
Fig. 25). The dry-disc rectifier type of 
machine uses no welding transformer and 
with the three-phase full-wave circuit, in 
comparison with the three-phase half-wave 


circuit, it is much more efficient and 
economical. 

Due to the resistance and inductance 
values the rate and rise of current in a 
dry-disc rectifier machine is slow, making 
it very desirable for projection and upset 
welding. The current rise is faster than 
any values calculated from R and L, due 
to the fact that the load sees a changing 
voltage. At the start of the current rise, 
the applied voltage makes the current 
start in a manner that makes the apparent 
maximum current about twice the actual 
maximum. Approximately 8 millisec. 
after start of current, the voltage drops 
to a low constant value because of the 
overshooting tendency of the current rise 
pattern. This rate of rise of current to 
maximum may be detrimental in some 
types of aluminum welding, but again in 
consideration of the values of kva. de¬ 
mands, more secondary current can be 
forced into the weld to overcome the 
effects of the slow rate of rise in current, 
and thus keep down the kva. demand 



Fig. 25.—Three-Phase Full Wave Circuit of 

D.C. Dry-Disc Rectifier 


when welding a given thickness of alumi¬ 
num in comparison to single phase a.c. 
welding. 

One factor requiring consideration in 
the application of dry-disc rectifiers in 
welding machines is a proper analysis of 
the efficiency. A study of the impedance 
curve and the efficiency measurements will 
show that efficiencies are lowest at low- 
current and low-impedance load. With 
a given load impedance, the efficiency im¬ 
proves as the current increases. With a 
given current, the efficiency will improve 
up to a point where the load impedance 
equals the rectifier impedance. With a 
resistance welding application there is no 
object in attempting to operate the recti¬ 
fiers at maximum efficiency as long as 
the impedance adjustment must be in the 
load circuit and not in the rectifiers 
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themselves. However, there is no ad¬ 
vantage in having a high efficiency, unless 
the high efficiency can be gained by lower¬ 
ing the rectifier impedance. 

Homo-polar Generator System 

Another method of obtaining a single¬ 
phase welding load from a three-phase line 
is by the use of a homo-polar generator. 
This apparatus consists of a conventional 
three-phase induction motor driving a 
uni-directional generator. On the same 
shaft is mounted a flywheel which stores 
kinetic energy, which gives the system 
a stored energy system in addition to 
providing the three-phase load. 

Figure 26 shows the essential elements 
of the generator equipment. 
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Jig. 26.—-Schematic Croaa-Sectional View of 
Motor-Generator Flywheel Unit 


Due to the fact that the homo-polar 
generator lias, effectively, only one arma¬ 
ture conductor, the induced voltage for 
a given speed is determined by the num¬ 
ber of lines of flux cut by this conductor 
each revolution. All of this flux must 
pass axially along the rotor core through 
the collector ring and the diameter of 
the latter must be held down to keep 


brush velocities within a reasonable range. 
These considerations led to the design of 
a machine that is actually two generators 
back-to-back with their rotors joined 
axially and their armature conductors 
joined directly in series so that their in¬ 
duced voltages are additive and each unit 
needs to develop but half of the required 
machine voltage. 

Referring to Fig. 26, we can see that 
the generator unit is symmetrical about 
a horizontal plane through its approxi¬ 
mate center. The dotted lines show the 
field flux linkage paths through each half 
of the unit and it should be understood 
that the direction of flux is opposite in the 
two ends of the rotor so that there is no 
tendency for interaction between the two 
magnetic circuits and so that the polari¬ 
ties of the induced voltages make them 
additive. 

Compensation is effected by bringing 
the brush leads out through pole-face con¬ 
ductors through the stator laminations. 
It will be seen that load current flowing 
in these conductors is opposite in direc¬ 
tion to that flowing in the armature con¬ 
ductors located close to the air gap on 
the other side of it. Hence the tendency 
of the current in the armature bars to 
rotate, distort or collapse the field flux 
D substantially canceled by the opposing 
action of the current in the stator pole- 
face bars. The use of open slots for the 
conductors aids this action without chang¬ 
ing the induced voltage. 

Further, a compounding effect is ob 
tained by skewing the rotor bars between 
the collector rings and the rotor lamina 
tions in such a direction that load current 
flows partially around the rotor and the 
consequent ampere turns aid the field 
excitation coils. 

Voltage or heat control is obtained by 
adjusting the field excitation. By proper 
choice of motor size and characteristics, 
and fly-wheel size, a combination can be 
matched to almost any program of spot, 
projection or flash welding within the 
voltage-current capacity of the machine. 

Since the output is direct current, 
throat area of the welding machine is of 
little consequence. 

The contactor employed to control the 
output to welding electrodes is of the 
carbon-pile type and operated by an air 
cylinder. Conventional sequence-weld 
controls are used to time and sequence the 
machine and the contactor. 
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STORED-ENERGY MACHINES 

Stored-encrgy welding machines are 
of three general types—electrostatic, elec¬ 
tromagnetic and electrochemical. All 
three types accomplish the same basic 
purpose of taking power from a three- 
phase line, storing it, then suddenly dis¬ 
charging it to make the weld. 

Afotor-generator sets with large fly¬ 
wheels have been used in the past, but are 
now practically obsolete due to their 
high initial cost, maintenance and diffi¬ 
culty in maintaining proper voltage regu¬ 
lation. 

The principle of stored energy has been 
applied extensively to spot welding and 
has had some applications for roller 
seam or roller spot welding. Electrostatic 
and electromagnetic types are not con¬ 
sidered applicable for flash welding nor 
very heavy projection welding, due to 
their limited energy storage capacity. 


and size of discharge pipe. However, the 
supply line is much smaller. In this 
analogy, the capacity of the capacitor bank 
in microfarads corresponds to the size of 
the water tank, and the impedance of the 
welding machine corresponds to the size 
of the discharge pipe. 

The principle of the electrostatic or 
capacitor method of stored-energy weld¬ 
ing is illustrated in Fig. 27. It can be 
seen that it consists primarily of a power 
breaker for overload protection, a three- 
phase Delta-Y-line rectifier transformer, 
a three-phase full-wave grid control thy- 
ratron rectifier, a resistance voltage 
divider, an energy storage capacitor bank, 
shunt ignitron tube, discharge contactors 
or discharge ignitron tubes, a center 
tapped welding transformer, a vacuum 
tube leveling circuit and a voltage level¬ 
ing potentiometer. The three-phase full- 
wave rectifier, 3, for charging the main 
capacitor bank. 5, utilizes a grid control 



Fig. 27. Schematic Diagram Showing Principle of Operation of Electrostatic Stored-Energy 

System for Spot Welding 

Power breaker for overload protection; 2, Three-phase Delta-Y rectifier transformer; 3, Three- 
phase full wave, grid controlled, thyratron rectifier; 4, Resistance voltage divider; 5, Energy-storage 
capacitor bank; 6, Shunt ignitron tube; 7, 8, Discharge contactors (alternate closure); 9, Center- 
tapped welding transformer; 10, Vacuum tube leveling circuit; 11, Voltage leveling potentiometer; 
12 , Resistor; 13, Rectifier blocking circuit. 


The electrochemical type, on the other 
hand, can be adapted to flash and heavy 
projection welding due to its very great 
energy storage capacity. 

Electrostatic Stored-Energy Machines 

In electrostatic stored-energy (capaci¬ 
tor discharge) machines, the energy 
charge is stored in capacitors or conden¬ 
sers. The mechanical analogy of this 
type of machine is a water storage tank 
or reservoir. The quantity of water and 
the rate at which it can be withdrawn are 
governed only by the size of the tank 


thyratron tube for furnishing a d.c. 
supply and an inherent controllable de¬ 
vice for predetermining and maintain¬ 
ing the capacitor voltage level. During 
the instant of recharging the capacitors, 
the value of rectifier current is determined 
by the impedance of the rectifier trans¬ 
former, 2, and the resistance of resistor, 
12. The values of impedance and resist¬ 
ance are such as to limit the current to 
the maximum current rating of the recti¬ 
fier tubes. Starting with zero at the 
instant of start of charge, the voltage 
across resistance 4 increases with time 
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until it is great enough to oppose the 
preselected voltage at potentiometer 11. 

The leveling circuit, 10, is generally 
made up of the ordinary radio-tube type 
circuit and the necessary d.c. positive 
bias and negative bias voltages for proper 
on conduction of the rectifier tube and 
cut off or off conduction time of the 
rectifier tube. The voltage, predetermined 
across capacitors, 5, generally is predeter¬ 
mined from a range of 1000 to 3000 volts 
by potentiometer 11. When the contactor, 
7, is closed, discharging the capacitor 
energy into the welding transformer, cur¬ 
rent flows in one-half of the center tapped 
welding transformer. At the instant of 
closure of contactor 7 the rectifier tubes 
are automatically cut off by reversing the 
bias on the grid of the thyratron tubes to 
a high negative value. After discharge 


capacitor energy to form the welding 
current and shows the action of the shunt 
tube conduction when the capacitor volt¬ 
age attempts to reverse. Once the weld¬ 
ing current ceases to flow, the capacitors 
are automatically recharged during the 
periods of hold time and off time. 

Electromagnetic Stored-Energy 

Machines 

The principle of operation of the elec¬ 
tromagnetic method of stored-energy re¬ 
sistance welding is illustrated diagram- 
matically in Fig. 29. A three-phase a.c. 
power supply is rectified to d.c. by means 
of an ignitron tube rectifier, the output 
of which usually lies between 150 and 200 
volts. \\ hen this direct current is con¬ 
nected to the primary of the special 
transformer or reactor in the welding 




tftlDING CLRRfNT TRACTS M[A*UR£* AT CCITTR TAR OF WOOING TRANSFORMER 

rig. 28.—Oscillogram Showing Build-up and Discharge of Energy from Capacitors of Stored- 

Energy System Shown in Fig. 27 


welding current ceases to flow, the recti¬ 
fier tubes are made conductive by the 
reversal of the negative bias to a positive 
value and the capacitors arc automatically 

recharged. 

1 he shunt tube, 6, is placed across the 
main capacitor bank, 5, to prevent reverse 
voltage appearing across the capacitors. 

Contactors 7 and 8 alternate during 
successive welds to prevent saturation of 
the welding transformer. 

higure 28 shows the build-up of the 
capacitor voltage, the closure of contacts 
/ an d 8, allowing the discharge of the 


machine, energy is stored until the circuit 
is interrupted by means of a suitable con¬ 
tactor. At this time the energy is re¬ 
leased into the secondary circuit in the 
form of a high peak current which falls 
exponentially to zero. 

The energy stored in an electromag¬ 
netic system is kinetic, as it is not possible 
to maintain the accumulated energy in a 
static condition. 1 he welding reactor 
consists of a specially designed trans¬ 
former having both primary and second¬ 
ary windings and an air gap in the iron 
core. As long as a d.c. voltage is applied 
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to the primary terminals of this reactor, 
the current increases nearly exponentially 
to some maximum value. While the 
primary current is increasing, it induces 
a voltage in the secondary winding which 
is proportional to the turn ratio and the 
rate of change in the primary current. 
This in turn produces a secondary cur¬ 
rent which rises to the maximum value 
very quickly then falls slowly to zero 
during the charge. 


battery, which may be applied to a con¬ 
ventional spot welding machine with the 
welding transformer removed. 

Figure 30 shows the elementary circuit 
of the battery-operated welding machine. 

The power input may be of any normal 
phase arrangement or shop voltage or 
frequency. The power is carried through 
a disconnect switch to a charge rate con¬ 
tactor. This contactor is a conventional 
motor reversing contactor controlled by 


three phase ignitron tube rectifier 
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Fig. 29.—Schematic Diagram Showing Principle of Operation of Electromagnetic Stored 

Energy System 


Actually, unlike the above illustration, 
the primary current is always interrupted 
before its steady state value is reached. 
This is accomplished by means of a con¬ 
tactor of special design between the d.c. 
supply and the reactor. At a preset 
value of current, the primary circuit is 
opened rapidly, which causes the energy 
stored in the reactor to be transferred to 
the secondary or welding circuit. During 
the short period of primary current inter¬ 
ruption, the secondary current rises from 
the negative peak to a very high posi¬ 
tive peak, then falls to zero exponentially. 
In order to carry out the above process 
successfully, it is essential to use a cur¬ 
rent-interrupting device which will give 
reliable and consistent performance and 
which can withstand the high electrical 
and mechanical stresses which are de¬ 
veloped during the opening operation. 

Electrochemical Stored-Energy] 

Machines 

In electrochemical, or storage battery, 
resistance-welding machines, the electrical 
energy is stored in a storage battery. The 
equipment consists of a three-phase trans¬ 
former, rectifier, contactor and storage 


a special sensitive contact-making volt¬ 
meter, VM. The contacts on the switch 
are connected to tap switches on the 
charger panel, permitting variation in 
charger transformer output voltage to the 
rectifiers, which, in turn, varies the charg¬ 
ing rate to the battery. The purpose of 
the reversing switch and double sets of 
taps is to provide a dual charging rate. 

For quick charge, or when operating on 
high-duty cycle, the high rate is applied; 
for maintaining the charge, and on 
low-duty cycle, the low rate is applied. 
When starting the machine, the volt¬ 
meter energizes the high rate contactor. 
As soon as the battery reaches approxi¬ 
mately full charge, the voltmeter switches 
the charge to the low rate, and when full 
charge is reached, the low rate is cut off- 
On falling charge, the reverse sequence 
takes place. The purpose of the dual rate 
is to prevent the frequent switching which 
would occur if only a single rate were 
utilized. The voltmeter is connected 
across a pilot cell and the voltage of that 
cell determines the charging rate. Thus 
the voltage level or amount of charge in 
the battery or power pack is unaffected by 
variations in voltage of the power supply. 
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The rectifier is of the dry-disc type, 
copper-oxide, selenium, etc., and its out¬ 
put goes directly to the battery. As may 
be seen from the diagram, the output of 
the rectifier is added to the output of 
the battery for any given weld or dis¬ 
charge. 

The battery itself is essentially a lead- 
acid battery, of a type especially designed 
for this service. The number, capacity 
and arrangement of the cells are selected 
to suit the range of work to be performed. 
The diagram shows a six-cell pattern 
connected series-parallel (2 cells in series, 
3 pairs in parallel) to provide approxi¬ 
mately 4 volts. The same battery could be 
connected 3 series, 2 parallel to deliver 6 
volts. Other power packs provide 8. 12, 
16, 24, 32 cells with various series-parallel 
arrangements to deliver the required cur¬ 
rent. 

The secondary current output is regu¬ 
lated by a cast-iron adjustable resistor 
connected in series with the battery and 
welding electrodes. 


cylinder is connected to the movable discs 
through a roller cam mechanism which 
multiplies the pressure of the air cylinder. 

As in any carbon pile the resistance is 
inversely proportional to the pressure, 
therefore, the rate of rise of the current 
depends on how fast pressure can be 
exerted by the cylinder. By the use of 
large valves and connecting piping and 
fittings, this can be made very rapid. By 
means of speed control valves, the action 
can be slowed up if desired. 

In opening, as pressure is removed, the 
resistance becomes quite high, so that 
just before the discs part, the resistance 
has become so great that the current is 
reduced nearly to zero, with the result 
that arcing is entirely eliminated. 

1 he control of a battery-operated ma¬ 
chine is the same as for the equivalent 
a.c. machine. Instead of a timer actuating 
the solenoid coil of a contactor, it actuates 
a solenoid valve for the pneumatic con¬ 
tactor. I he sequence of operation is: 
the operator depresses the foot switch 


AUTOMATIC charge 

BIJCMIECT MlTCH RATE MITCH CHARGER PRIMARY CHARGER SECOHDARY CHARGE RECTIFIER 



1 lie welding contactor operates on the 
principle of a carbon pile and consists 
essentially of two carbon discs normally 
held apart by springs. The movable disc 
is connected to an air cylinder which 
forces them together against the spring 
action. Actually, there are usually 3 
discs—2 movable and 1 stationary. The 
purpose of the third disc is to double the 
capacity of the contactor with only slight 
increase in co>t or space. The air 


which initiates the timer and at the same 

time the solenoid valve for the main 

operating cylinder is energized. At the 

end of the squeeze period, the contactor 

solenoid is energized, then de-energized 

at the end of the weld period, and at the 

end of the hold period the main air 

cylinder is exhausted and the points 
separate. 

The battery-operated system is adapt¬ 
able to any form of resistance welding. 
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Its greatest advantage is in spot or pro¬ 
jection welding. In seam welding with 
high duty cycle,, it has little advantage. 
At the present time it is being developed 
for flash welding. Spot welding machines 
have operated continuously on a 20% 
duty cycle. 

Percussion-Welding Machines 

Percussion-welding machines, while 
truly stored-energy type machines, are not 
considered in the same category as other 
types of resistance welding machines be¬ 
cause the principle of operation is entirely 
different. The machine is essentially an 
upset-welding machine and only work of 
this type can be performed on it. Power 
is taken from a three-phase line, trans¬ 
formed and rectified to about 3000-volts 
d.c., which is used to charge a bank of 
capacitors. So far, the operation is the 
same as an electrostatic stored-energy 
welding machine previously described, but 
here the similarity ends. 

After the capacitors are charged, their 
terminals are directly connected to two 
sets of electrodes which clamp the work 
to be welded. The work-pieces are 
separated and insulated from one another 
sufficiently to withstand the high voltage 
to which they are now subjected. By 
means of a spring, one of the work-pieces 
travels toward the other at a high rate 
of speed, and when they approach to 
the arcing distance, as determined by the 
voltage to which the capacitors are 
charged, the capacitors discharge them¬ 
selves through this gap creating an in¬ 
tense heat on the surfaces being welded. 
When the two pieces actually contact one 
another, the discharge is completed, and 
the two pieces forge together. (See 
Chapter 17 for further information on 
this process.) 

POWER SUPPLY 

Power Requirements 

Power demand from the line is a func¬ 
tion of the type of current and equipment 
employed. An adequate power supply is 
one of the prerequisites of present-day, 
high-production resistance welding. A 
major part of the power supply system for 
any industrial plant lies within the plant 
itself and consists of the power supply 
transformers and the power supply con¬ 
ductors. 


PROCESSES 

Basically, the problem presented to 
power companies by resistance welding 
installations is that of carrying the fluctu¬ 
ating load without creating objectionable 
lamp flicker. The sudden and repeated 
flow of current to the machine through 
the impedance of the supply system causes 
an intermittent voltage drop, which, if 
great enough in magnitude, may cause 
flicker objectionable to lighting customers 
fed from that portion of the system. 
Resistance welding machines can cause 
two types of lamp flicker: a non-cyclical 
flicker from single-impulse machines such 
as spot or projection welding machines; 
and a cyclical flicker from seam welding 
machines or spot and projection welding 
machines equipped with pulsation control. 

A non-cyclical or individual flicker is 
usually objectionable to most lighting 
customers if it causes the lamp voltage 
to drop more than two volts. 

Sometimes this limit of two volts can 
be extended upward to three or four 
volts and, conversely, it may have to be 
revised downward to one and one-half 
volts, depending to a large extent upon 
the number of lighting customers affected. 
In some cases where a particularly large 
machine may affect a large area, such as 
might be fed from a 24-kv. bus, it may 
be prudent to set the design limit as low 
as one or one and one-half volts. 

Cyclical flicker becomes evident, and 
may prove objectionable, whenever the 
frequency of occurrence exceeds one 
flicker a second. The borderline of objec¬ 
tion follows a typical V-curve, dropping 
to a minimum of about V* volt at the 
worst frequency of 7 or 8 flickers per 
second. 

Figure 31 shows objectionable limits of 
lamp flicker caused by resistance welding 
loads in voltage drop at the lamp. This 
refers to the momentary drop caused by 
the welding load only, without reference 
to overall plant voltage drop. A 115-volt 
lamp may operate at 115 volts at night, 
and 110 volts during day-load conditions. 
This 5-volt drop is not considered, but 
the welding load drop would refer to 
either the 110- or 115-volt normal voltage. 
The curve is the result of many studies on 
the subject, and may be considered as cor¬ 
rect for 60-watt incandescent lamps. 
Larger lamps, due to their larger fila¬ 
ments, are less susceptible to voltage fluc¬ 
tuation, while fluorescent lamps are more 
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susceptible. This fact must be taken into 
consideration, due to the increasing use 
of fluorescent lamps. 

Many seam welding machines operate 
at frequencies from one to four cycles on 
and from one to four cycles off, which is 
right in the cyclical range. Similarly, 
spot or projection welding machines, 
equipped with pulsation control to give a 
series of current pulses (so many cycles 
on and so many cycles off), may produce 
lamp flicker in the cyclical range. 

Even if the frequency of a specific 
pulsation weld is fairly high up on either 
side of the V-curve, it is quite likely that 
some time during the life of the installa¬ 
tion, the control will be changed, and 
the welds will be made at the worst 
frequency of some 7 or 8 pulses per 
second. Such a change in the frequency 
of pulsations can be easily made by a 
simple turn of the control dial, and so 
bring the operation anywhere within the 
entire range of cyclical flicker. For this 
reason, where either seam or spot- and 
projection-welding machines with pulsa¬ 
tion control are concerned, it is usually 


necessary to design the machine service 
so that it will stay within the Vs-volt 
limit. Again, this Vi-volt, cyclical-flicker 
limit must of necessity be somewhat flex¬ 
ible, the same as the 2-volt, non-cyclical 
limit, and must be revised slightly upward 
or downward as conditions dictate. 

Since no two power systems are alike, 
it is impossible to give any general rule 
as to how resistance welding machines of 
different sizes can be readily served. 

Where the ohms impedance of the 
supply system is low, that is, near large 
sources of power, such as generating sta¬ 
tions or large stepdown substations, large 
welding machines are easily served, with¬ 
out exceeding the predetermined flicker 
limit. It is obvious, however, that as the 
ohms impedance becomes greater, cither 
through stepping down to a lower-voltage 
part of the system or through adding miles 
of line at any given voltage, the size of 
welding machine that can be handled, 
without exceeding the flicker limit, be¬ 
comes smaller anti smaller. 

Where large plants are served at 24 kv. 
in established industrial areas, there is 
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practically no problem as far as large 
welding machines are concerned. They 
can be connected right in with the rest 
of the plant load. Other large plants that 
may be served at 4800 volts, even in the 
same general location, cannot ordinarily 
handle as large welding machines, because 
of the greater percentage of ohms im¬ 
pedance due to the lower voltage. 

For the smaller plants in the industrial 
area that are served in common with 
other customers from 4800-volt lines, if 
one is not to disturb the other, the permis¬ 
sible welding demand must be reduced 
to values of the order of 200 to 500 kva. 
For similar plants in residential areas, 
away from the large stations, the size of 
machine that can be handled, even on 
the 4800-volt lines, is reduced to the order 
of 100 to 200 kva. Still farther out in 
a suburban area, the 4800-volt lines can 
accommodate welding demands in the 
range of only 50 to 100 kva. 

In considering the installation of a 
resistance-welding machine, it is neces¬ 
sary to determine the kva. rating of the 
power-supply transformer required and 
the size of the power-supply conductors. 
The power supply transformer which is 
usually connected to a 2300- or 4000-volt 
primary feeder is installed external to 
the machine and should not be confused 
with the welding transformer mounted in 
the welding machine. The power supply 
conductors are the power leads between 
the power-supply transformer and the 
welding machine. 

The selection of the power-supply trans¬ 
former and supply conductors is governed 
by two factors—the permissible voltage 
drop and the permissible heating. The 
permissible voltage drop is the deter¬ 
mining factor in the majority of installa¬ 
tions but consideration must be given to 
both factors. In all cases, the final selec¬ 
tion of the equipment must be determined 
by that factor which requires the larger 
transformer and the larger conductors. 

It is relatively simple to determine the 
size of the power transformer on the 
basis of heating alone, inasmuch as the 
welder transformer is rated on a heating 
basis and a definite ratio exists between 
the two ratings. Power transformers are 
usually rated on a continuous or 100% 
duty cycle basis; whereas the welding 
transformer is rated on a 50% duty cycle 
basis, as previously explained. The power 
transformer rating required on a heating 


basis only for a given welding machine 
will, therefore, be equal to the welding 
transformer rating at 50% duty cycle 
divided by the square root of two. The 
square root of two is the conversion factor. 

To find the size of the power trans¬ 
former required on a heating basis for 
the proper operation of a 200-kva. seam¬ 
welding machine, this value can be sub¬ 
stituted in the above formula as follows: 

200 kva. (50% duty cycle) 

a "/5 = 141.4 kva. 

V 

If there is more than a single machine 
to be served from a common power-supply 
transformer, a thorough study of actual 
operating duty cycles of all machines 
and the operating diversity factor between 
machines must be made. In actual prac¬ 
tice, most welding machines except some 
seam welding machines usually operate 
below their maximum thermal capacity 
because the size of the transformer in the 
machine is dictated by the required weld¬ 
ing current output rather than by thermal 
considerations. Tests of many installa¬ 
tions shows that the values given in Table 
2 are representative of actual field condi¬ 
tions. Thus, for instance, if the machines 
are predominately spot or projection weld¬ 
ing machines, a power-supply transformer 
with a rating of 20% of the sum of the 
name plate ratings of the machines would, 
in most cases, be adequate as far as per¬ 
missible heating is concerned. 


Table 2—Equivalent Continuous Loading of 
Typical Welding Machine Installations 


Equivalent Con¬ 
tinuous Load 
Expressed in 
Percent of Sum 
of Nameplate 


Type of Welding Ratings 


Spot, projection (single impulse) 20 

Spot, projection (pulsation) 40 

Flash, multipoint spot or projection 20 

Seam 70 


In order to determine the size of the 
power supply transformer required to 
serve a welding machine on the basis of 
voltage drop, it will first be necessary 
to determine the maximum permissible 
voltage drop which can be tolerated. 
Where the same power transformer is 
used with two or more machines in such 
a manner that the voltage drop resulting 
from the operation of one machine will 



357 


RESISTANCE WELDING EQUIPMENT 


be reflected in the operation of the second 
machine, it is advisable to confine the total 
maximum voltage drop to not more than 
10% or, at the most 15%. 'All voltage 
drops should be measured at the locations 
of the machine and the percentage voltage 
drop should be calculated by means of 
the following formula: 

No load voltage — Fu ll load voltage 

No load voltage * 

= % voltage drop 

Likewise, where an electronic tube-type 
timer and contactor are employed, it will 
be necessary to hold to this limitation of 
15% unless provisions are made to main¬ 
tain the control voltage to the electronic 
tube panel. Where an electronic tube-type 
contactor is employed on a 220-volt cir¬ 
cuit, it is advisable to limit the maximum 
voltage drop to 10% ; however, in some 
cases for which a 10% limit would be 
difficult and the cost excessive, the upper 
limit of 15% may prove satisfactory. 

The percentage of the total voltage 
drop that should be apportioned to the 
power transformer and the percentage that 
should be apportioned to the supply leads 
between the transformer and the welding 
machine involve a consideration of in¬ 
stallation costs as well as the amount of 
voltage drop existing in the high voltage 
system ahead of the transformer. In 
most cases, very little can be done toward 
reducing the voltage drop in the high- 
voltage system at a cost commensurate 
with the expenditure needed for the same 
percentage reduction in the low-voltage 
system. Where more than one machine is 
involved, the largest machine of the group 
,s always considered, with calculations of 
the diversity factor of other machines 

present in the group, when calculating 
voltage drop. 

I he high-voltage system regulation can 
be obtained from the local power com¬ 
pany by giving them the maximum kva. 
and power factor that the largest welding 
machine will draw from the power sys¬ 
tem. 1 he difference between the figure 
thus obtained and the total allowable 10 
or 15% voltage drop is the allowable- 
voltage drop in the step-down bank and 
secondary or low-voltage bus system. 

A group of welding machines can be 
served either from a single-phase trans¬ 
former bank or a three-phase bank, and 


where the welding load is large enough to 
justify a separate transformer bank for 
welding load only, it will be found ad¬ 
vantageous and more economical to use 
a single-phase system. The load is single 
phase and it will remain single phase no 
matter how the transformers ahead of it 
are connected. Sometimes it is desirable 
to spread the individual single-phase loads 
over the three-phase wires for more eco¬ 
nomical utilization of the supply lines, but 
unless there are large numbers of ma¬ 
chines connected, the necessity for balanc¬ 
ing the load is not important. When there 
are many machines, they are usually scat¬ 
tered around in different parts of the plant 
so that several stepdown banks become 
necessary at different locations. In this 
case, individual single-phase banks can be 
connected to separate phases and thus 
bring about some semblance of balance on 
the supply wires. 

A given kva. of single-phase load fed 
from a three-phase transformer bank will 
cause just twice as much transformer volt¬ 
age drop as the same kva. load fed from 
the same capacity in transformers con¬ 
nected as a single-phase bank. It is thus 
obvious that, where the transformer volt¬ 
age drop must be kept at a minimum, it 
is highly desirable and more economical 
to use single-phase, stepdown banks of 
transformers. 

The voltage drop through the power 
transformer is a function of the character¬ 
istic called transformer impedance. This 
transformer impedance is a measure of the 
total restriction which the transformer 
offers to the flow of current and is usually 
expressed as a percentage of the rated 
voltage. The impedance value for stand¬ 
ard power transformers is generally be¬ 
tween 5 and 6% and is stamped upon the 
transformer nameplate. I*or the purpose 
of this discussion, this value can be in¬ 
terpreted as the percentage voltage drop 

through the transformer when rated kva. 
load is applied. 

While the foregoing explanation is sub¬ 
ject to correction for technical accuracy, 
the approximations indicated are suffi¬ 
ciently accurate in estimating the size of 
the power transformer required for sup- 
plying a given, during zveld kva. demand 
with a given maximum voltage drop 
through the power transformer. 

In general, the low-voltage bus or 
teeder from the transformer to the ma¬ 
chines should always be as short as pos- 
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sible and of low reactance design in order 
to keep the voltage drop within the pre¬ 
scribed limits. Probably the simplest and 
cheapest bus construction consists of in¬ 
sulated wire, taped together and either 
hung on racks or pulled through conduit. 
One disadvantage of such construction is 
the lack of facilities for easily tapping off 
connections for welding machines through¬ 
out the bus length. When only two or 
three machines are to be served at a com¬ 
mon location at considerable distance from 
the supply transformer this construction is 
cheap and effective. 

A bus construction which permits easy 
tap connections at frequent intervals along 
its length is desired in production plants 
where manufacturing layouts are con¬ 
tinually changing. With the welding bus 
extending the full length of the plant, 
machines can be moved about to meet the 
changing conditions without great trouble. 
The bus can be made up on the job or 
it can be purchased, prefabricated in unit 
lengths, either with or without enclosures. 
The copper spacing should be kept at a 
minimum. There are several standard 
designs of busses offered by different 
manufacturers particularly for welding 
loads. 

By dividing the supply system into the 
three parts: (1) high-voltage system. 

(2) power transformer and (3) low- 
voltage feeder or bus, and providing a 
balanced layout so that the sum of the 
voltage drops in the three parts does 
not exceed the predetermined allowable 
standard, an adequate power supply is 
assured. 

The entire subject of voltage drop and 
voltage regulation is too involved for 
complete coverage in this chapter. 
Wherever there is any question what¬ 
ever concerning availability of power, it 
should be approached by competent engi¬ 
neering analysis. 

Various attempts have been made to 
interlock two or more machines to prevent 
simultaneous firing. Any scheme of inter¬ 
locking necessarily causes some curtail¬ 
ment in production. While this may not 
be serious on two or three machines, it 
can easily become a factor if more ma¬ 
chines are interlocked. The interlocking 
of two or three machines may be the 
solution of a problem in some cases, but 
it is doubtful if the interlocking of more 
than three can ever be justified. 

All of the foregoing discussion relates 


to voltage drop caused by the welding 
load as it affects the power supply system, 
with no consideration being given to the 
effect of this voltage drop on the welding 
machine itself, or the quality or con¬ 
sistency of its output. 

If the voltage drop at the machine, or 
to put it more clearly, if the during weld 
voltage at the transformer terminals is 
constant, proper compensation can usu¬ 
ally be provided through the machine con¬ 
trols. However, the during weld voltage 
at the machine may fluctuate as much as 
10% at different times of the day, caused 
by voltage drop from other plant equip¬ 
ment. 

For corrective measures to be taken 
for this condition, refer to voltage and 
current regulators in the section on con¬ 
trols in this chapter. 

Electrical Protective Devices 

Resistance-welding machines should be 
electrically connected to the power lines 
with the same care as other electrical 
apparatus. The cable installation should 

be made in accordance with electrical code 

% 

standards, with adequate disconnecting 
switch and protective devices interposed 
between the machine and power lines. 

As previously outlined, the cable size 
should be calculated both on a thermal 
and voltage drop basis. 

It is generally desirable to use alto¬ 
gether separate circuits and protection for 
the control and welding power. This is, 
of course, a necessity when different volt¬ 
ages are used, as is common practice. 

For the control circuit, it is usually 
satisfactory to use a simple enclosed fu¬ 
sible disconnect switch. 

For the power or welding circuit en¬ 
closed fusible disconnects may be used 
and frequently are, but a more satis¬ 
factory protective device is an air-circuit 
breaker, such as supplied by a number of 
electrical manufacturers. 

The rating of this breaker in carrying 
capacity should be sufficient to carry 
the maximum demand of the machine with 
its electrodes contacting without work 
in place. This may be from two to four 
times the machine nameplate rating. It 
is not considered possible to protect the 
machine against overload due to its 
variable demand and duty cycle, therefore, 
the protective device is intended for 
short-circuit protection only. One of the 
advantages of the circuit breaker over 
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fuses, is the fact that a push button can 
be located on the welding machine con¬ 
venient to the operator to open it quickly 
in emergencies. 

Circuit breakers are also rated in in¬ 
terrupting capacities. The required in¬ 
terrupting capacity for any given installa¬ 
tion is a function of the impedance of the 
power supply from the breaker back to 
the power source. The power engineer 
should be consulted to insure adequate 
interrupting capacity. 

When fuses are used, their size should 
be calculated not on a thermal basis, but 
on a modified demand basis. The circuit 
breaker operates on an instantaneous load, 
whereas fuses have a time lag, which 
gives some consideration to the duration 
of the load. Welding machine manufac¬ 
turers provide wiring diagrams, in which 
fuse ratings are recommended. Generally, 
it is not necessary or desirable to fuse a 
machine to its maximum demand as re¬ 
quired for a circuit breaker but on the 
other hand, the fuses should hold for any 
normal demand or operation of the ma¬ 
chine. Again, about the only purpose of 
fuses is to interrupt a short circuit in the 
transformer, its controls or wiring. 

MEASUREMENT 

Primary Current 

The simplest and probably one of the 
most reliable methods of measuring pri¬ 
mary current is with an indicating am¬ 
meter. If the reading is taken during a 
regular weld, the time duration of the 
weld is too short in most cases for the 
pointer to come to a stop. Pointer-stop 
ammeters are available for such readings. 
A number of tests should be made, each 
time moving the stop up until the pointer 
barely moves from the stop. This, then, 
gives the actual demand with good ac¬ 
curacy. If a pointer-stop ammeter is 
not available, any ammeter may be used 
by removing the cover over the scale and 
using a pencil as a stop. 

Another method that can be used is by 
ratio. If the secondary circuit is con¬ 
stant or unchanged, the primary current 
will be proportional to the voltage at the 
welding terminals. Table 3 shows rela¬ 
tions of primary and secondary voltages 
and currents for a typical welding trans¬ 
former. 

Values given are for a typical trans¬ 


former, 440 volts primary with 8 taps, 
with an assumed primary load of 100 
amp. on the low tap. If the secondary 
circuit is not changed, primary and 
secondary currents for other taps will 
be as shown. 


Table 3—Primary and Secondary Circuit Re¬ 
lationships 


Tap 


No. 

T R. 

a E, 

IP 

1 

100 

4.4 

100 

2 

96 

4.58 

108.5 

3 

92 

4.78 

118 

4 

88 

5.0 

129 

5 

84 

5.24 

142 

6 

80 

5.5 

156 

7 

76 

5.79 

173 

8 

72 

6.11 

193 

a T R. = 

Turns ratio; 

E, = 


I. 


10,000 

10,400 

10,860 

11,350 

11.900 
12,500 
13,150 

13.900 


KVA 


44 

48 

52 

57 

62 

69 

76 

85 


/. 


Open-circuit sec 
y voltage; J p = Primary current, amp ; 
Secondary current, amp. 


Standard tests at machine manufac¬ 
turer’s factories provide for a prescribed 
secondary circuit (see RWMA Resist¬ 
ance Welding Equipment Standards), 
with a reduced voltage applied to the 
machine terminals. This reduced voltage 
remains on long enough to obtain a steady 
reading from a standard ammeter. A 
simultaneous voltage reading is also ob¬ 
tained, then the current in amperes at 
rated voltage will be proportional to the 
ratio of rated voltage to test voltage. 
Thus, if 55 volts applied causes a reading 

of 100 amp., the current at 440 volts will 
be 100 X 8 = 800 amp. 

In the same way, the primary current 
for any tap may be calculated from the 
turn ratios of the various taps. (Turn 
ratios for various taps may be secured 
from the manufacturer, but in absence of 
this, they can be obtained by measuring the 
open-circuit secondary voltage for the 
various taps. For any tap, line voltage 

divided by open-circuit secondary voltage 
gives the turn ratio.) 

Primary current can also be measured 
with an oscillograph, but for ordinary pur¬ 
poses, this involves too much time and 
equipment, and the results are no better. 

Secondary Current 

The simplest and most commonly ac- 
cepted method of measuring secondary 
current is to merely multiply primary 

methL ' by L tUm ra,ia Whil <= this 
method is subject to the errors and losses 
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of transformation, other methods introduce 
errors, the extent of which are hard to 
determine. Measuring the current by the 
voltage drop across a shunt placed in the 
secondary circuit has been done on a 
laboratory basis, but this is unsatisfactory 
due to the difficulty of placing the shunt in 
this circuit. 

If primary voltage and current readings 
are obtained simultaneously, the kva. in 
demand is the product of the two. If a 
watt meter is added, and all three taken 
simultaneously, the kw. demand is also 
obtained, as well as the power factor of 
the machine. (Power factor is the kw. 
divided by the kva.) 

Time 

The best method of measuring welding 
time will depend on the type of weld being 
made, or to be more specific, the length 
of time to be measured or checked and the 
accuracy required. For long non-inter- 
rupted seam welds and for very long 
flash welds, an ordinary stop watch is 
sufficiently accurate. For spot-, projec¬ 
tion- and high-speed flash welds a cycle 
counter is most suitable. This is an 
instrument driven by a synchronous motor 
and containing a large pointer, or hand, 
making one revolution per second and 
with a scale graduated in cycles. It is 
provided with a solenoid clutch auto¬ 
matically operated in such a manner that 
the welding time in cycles is metered off. 
This is usually sufficiently accurate for 
welding times of five cycles or more. 

A cycle recorder draws a trace on a 
moving tape for each cycle passed. This 
is a little more accurate than the cycle 
counter, and is especially valuable for 
checking pulsation and interrupted seam- 
weld currents. 

For more exact determinations of time, 
a magnetic oscillograph can be used. 
This instrument records the complete cur¬ 
rent wave, therefore, its recordings can 
be considered essentially correct. If the 
time to be measured does not exceed three 
or four cycles, a cathode-ray oscilloscope 
can be used, but it is useless for measuring 
time of greater duration. 

Synchronous timers are designed to 
pass complete cycles and are calibrated 
in cycles, and this calibration can be 
assumed to be correct. 

Non-synchronous timers are also gradu¬ 
ated in cycles. The repetitive error in ac¬ 
tual operation is about one cycle. This 


error can therefore be neglected if the 
time is 10 cycles or more. Under 10 
cycles, the accuracy desired will determine 
whether or not this possible error can be 
tolerated. 

Pressure 

Pressure, or welding force, is a factor 
that is difficult to accurately measure or 
determine. The most commonly used 
method of determining pressure is by 
calculation. On air-operated machines, 
welding pressure is calculated from the 
piston area and air pressure per square 
inch. Packing friction and weight of the 
moving head are usually neglected. If 
packing friction is kept low, this method 
is usually sufficiently accurate. Pressure 
on hydraulic machines can be calculated 
in the same manner. 

Pressures exerted by springs can be 
calculated from spring data readily ob¬ 
tainable. 

Two or three types of pressure gages 
have been developed for measuring spot- 
weld electrode force directly. 

None of the above methods takes into 
account the reactive kick of the secondary 
circuit. When a heavy current, such as 
a welding current, passes through parallel 
conductors, such as spot-welding horns, 
the conductors try to separate further. 
The extent of this kick can be readily 
demonstrated by duplex secondary cables 
of a portable machine. Unless bound or 
clamped, they will separate each time 
current is passed through them. The 
actual effect of this reactive kick depends 
on the magnitude of the current and the 
design of the secondary circuit. Usually, 
for all practical purposes, it can be ne¬ 
glected, but in some cases, it can exceed 
the mechanical pressure exerted and actu¬ 
ally cause the electrodes to open during 
the weld. 

Special spot-welding electrodes have 
been developed, incorporating an elec¬ 
tronic strain gage and shunt which can 
be connected to two elements of an oscillo¬ 
graph for simultaneously recording net 
welding force, welding current and time. 
This device is sensitive to the reactive 
kick, and it can be separated on the 
oscillogram. (For further details on this 
instrument and other measuring and 
metering devices, refer to RIVMA Man¬ 
ual. Chapter 32.) 

The upset pressure or force of flash 
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welding machines is not readily deter¬ 
mined. For air and hydraulic machines 
it can be estimated by means outlined 
for press and spot welding machines. 
For hand-operated machines it can be 
roughly approximated by a calculation of 
the leverages and an estimate of the force 
exerted at the end of the lever. 


It is impossible to even estimate the up¬ 
set force of a motor-operated machine. 
While it would be possible to interpose 
a spring or fluid cylinder between the 
platen and cam follower, and measure the 
pressure in this manner, either the spring 
or cylinder would be quite bulky and the 
whole setup costly and cumbersome. 
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CHAPTER 16 


SPOT, SEAM AND PROJECTION WELDING* 


fundamentals of processes 

Definition and General Description 

Spot, roll-spot, seam and projection 
welding comprise that group of the rc- 
sistance-welding processes wherein the re¬ 
quired heat, at the joints to be welded, 
is generated by the resistance offered 
through the work parts to the relatively 
short time flow of low-voltage, high- 
density electric current. Force is always 
applied before, during and after the ap¬ 
plication of current to assure a continu¬ 
ous electrical circuit and to forge the 
heated parts together. The maximum 
temperature achieved is ordinarily above 
the melting point of the base metal. 
Equipment and controls employed to 
achieve these ends are described in Chapter 
15. The standard definitions for these 
processes are: 

Spot Welding .—A resistance-welding 
process wherein coalescence is produced 
by the heat obtained from resistance to 
the flow ot electric current through the 
work parts held together under pressure 
by electrodes. The size and shape of the 
individually formed welds are limited 
primarily by the size and contour of the 
electrodes. 

Roll-Spot Welding .—The making of 
separated spot welds with circular elec¬ 
trodes. 

Scam Welding .—A resistance-welding 
process wherein coalescence is produced 
by the heat obtained from resistance to 
the flow of electric current through the 
work parts held together under pressure 
by circular electrodes. The resulting weld 
is a series of overlapping spot welds made 
progressively along a joint by rotating 
the electrodes. 


•Prepared by a committee consisting of J. 
Heuschkel, Westinghouse Electric Corp., Chair¬ 
man; E. J. Del Vecchio, Swift Electric Welder 
Co.; O. C. Frederick, General Electric Co.; 

T. Gillette, General Electric Co.; J. J. 
MacKinney, The Budd Co. 


Projection Welding .—.A resistance¬ 
welding process wherein coalescence is 
produced by the heat obtained from re¬ 
sistance to the flow of electric current 
through the work parts held together 
under pressure by electrodes. The re¬ 
sulting welds are localized at predeter¬ 
mined points by the design of the parts 
to be welded. The localization is usually 
accomplished by projections, embossments 
or intersections. 

The important distinction between spot 
and seam welding is that in spot welding 
the electrodes are retracted after each 
individual weld or simultaneously com¬ 
pleted group of welds, but in seam weld¬ 
ing at least one rotating electrode is 
against the work under continuous pres¬ 
sure making a continuous weld. Seam 
welds are also less efficiently produced by 
making tangent or overlapping spot welds 
with a spot-welding machine. 

Spot welds may be made with a seam¬ 
welding machine by suitably adjusting 
the speed of the circular electrode and 
current interruptions. When this is done 
the procedure is known as roll-spot weld¬ 
ing. Spot welds may also be made by 
individually retracting the seam-welding 
electrodes after each weld. 

Projection welds are made by localizing 
the welding pressure, welding current and 
heating during welding at one or more 
predetermined points by the configuration 
or design of one or more of the parts 
being welded, instead of by the use of 
pointed or domed electrodes, as in spot 
welding. Machines and controls identical 
to those emploj'ed for spot or seam weld¬ 
ing are used. 

Characteristic differences between the 
spot, seam and projection-welding proc¬ 
esses are shown in Fig. 1. 

Spot, roll-spot and seam welds may be 
made on thicknesses as low as 0.001 inch. 
Spot welding may be used on joints hav¬ 
ing members as thick as 1 in., although 
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ELECTRODES OR ELECTRODES OR 



SPOT WELD SEAM WELD PROJECTION WELD 


Fig. 1.—Comparison of Spot, Seam and Projection Welding 


the bulk of all spot welding is done on 
thicknesses less than V« inch. Scam weld¬ 
ing is most commonly done on thicknesses 
less than V* inch. Projection welding is 
best suited for thicknesses 0.02 in. and up. 
All materials require precise control for 
production of uniform welds. 

Current 

Five types of current are used: (a) 
a.c., (b) d.c., (c) stored energy, a.c. 

damped oscillation, (d) stored energy, 
d.c. surge and (e) stored energy d.c. 

Alternating Current. —Alternating cur¬ 
rent is employed in about 90% of com¬ 
mercial installations. An alternating elec¬ 
tric current of several hundred amperes 
for thin parts and more than 100,000 amp. 
for heavy parts, is used, depending spe¬ 
cifically upon the materials welded and 
the time and force magnitudes. These 
currents may be obtained, from well- 
designed resistance-welding machines, 
with as low as 1 and seldom more than 
30 secondary volts. It is the function 
of the welding transformer to convert 
the available commercial voltage, low-cur¬ 
rent power to the required low-voltage, 
high-current power. The general manner 
of making this conversion is shown in 
Fig. 2. Frequencies of 60 cycles per sec. 
are most commonly used; other frequen¬ 
cies are used to suit the desired condi¬ 
tions. When designating welding times 
in terms of cycles, the frequency therefore 
should always be given. 

The magnitude of the nominal peak 
current and of the zero current time be¬ 
tween successive one-half cycles can be 
fully controlled by synchronous phase 
shift heat controls, as described in Chap¬ 
ter 15, so that the point of current ap¬ 
plication and termination, with respect to 
the voltage wave, will always be the same 


for successive welds. With non-synchro- 
nous controls this point of current applica¬ 
tion will change for successive welds, re¬ 
sulting in variations in current magni¬ 
tudes. 

In addition to the commonly used single¬ 
phase, alternating-current system a method 
is used wherein an equal amount of cur¬ 
rent is taken from each of the three phases 
of the power system, and this three-phase 
alternating current is converted into di¬ 
rect current which is then reconverted in¬ 
to low frequency (3 to 25 cycles per sec.), 
single-phase alternating current. This re¬ 
converted current is then fed into the 
welding transformer. 

Direct Current (Constant Magnitude) — 
Constant magnitude, direct-current weld¬ 
ing is accomplished by using a dry disc 
rectifier, homopolar generator or storage 
batteries. 

Stored Energy, A.C. Damped Oscilla¬ 
tion. —With this variation, only one po¬ 
larity of an alternating-current sine-type 
wave is employed, the other polarity being 
damped out. Capacitor discharge controls 
provide the current wave form. 

Stored Energy, D.C. Surge from Capaci- 
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tors .—The direct-current, surge-type of 
curent involves the charging and subse¬ 
quent discharge of a series of capacitors 
through the welding transformer. The 
welding current delivered by energy stor¬ 
age equipment is generally in the form of 
a single directional pulse which may alter¬ 
nate from plus to minus polarity. This 
pulse applies heat to the weld continu¬ 
ously throughout the time of its forma¬ 
tion. 

Stored Energy, D.C. Surge from Col- 


Time 

The times of current application, here¬ 
inafter referred to as time or weld time, 
for both alternating and direct currents 
of the non-surge types are controlled and 
varied by electronic, mechanical, manual 
or pneumatic means. Times commonly 
ranging down to one-half cj^cle of 60 cycle 
frequency are used for the thinnest sheets 
and as long as several seconds for thicker 
plates, depending somewhat upon the 



PREHEAT (IF ANY) WELD 



ON WELD ON 


“WELD PERIOD" EQUALS 
SUM OF "ON" ANO "OFF" 
TIMES 



WELO QUENCH TEMPER 



FOUR PULSATIONS 


MULTIPLE IMPULSE 
"weld period" 

EQUALS SUM OF 
"ON" ANO"OFF'* 
TIMES. 




Fig. 3——Variations in Current-Time Arrangements 


lapse of Magnetic Field .—The energy 
stored in an electromagnetic system is 
kinetic. It is not possible to maintain the 
accumulated energy in a static condition. 

Stored Energy ,, D.C., from Storage 
Batteries .—This direct-current, stored- 
energy system of welding is essentially 
identical to that of direct-current welding, 
using storage batteries as a source of 
energy. 


metal being welded. For the capacitor 
and magnetic types of stored energy sys¬ 
tems, the weld time is determined by the 
electrical constant of the system. Weld¬ 
ing currents are varied not only in length 
of total interval from start of welding 
current to end of welding current, but 
also in the order of their application, as 
shown in Fig. 3. 

Single Impulse .—When one single, con- 
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tmuous application of current is used for 
the making of an individual weld it is 
called single impulse welding. 

Double Impulse. —When two distinct 
impulses of current are used it is called 
double impulse welding. The first impulse 
may be of a lower current magnitude 
for preheating or reducing the surface re¬ 
sistance, and the second of higher magni¬ 
tude for furnishing the welding heat, the 
intervening off time being short; or both 
impulses may have the same current mag¬ 
nitude with the off time being short to 
provide sufficient total time for develop¬ 
ing the required welding heat. The first 
impulse may be the high magnitude weld¬ 
ing current and the second impulse of a 
lesser current magnitude, applied after 
a suitable cool time interval, to temper the 
weld made by the first impulse. 

Multiple Impulse .—Multiple impulse 
welding consists of more than two ap¬ 
plications of current, each of which flows 
for a duration of one-half or more cycles 
separated by an off-period of prede¬ 
termined amount. This timing may be 
used for welding in several ways. 

A series of on-off impulses of current of 
the same magnitudes and of one-half or 
more cycles’ duration each may be em¬ 
ployed to slowly build up the required 
welding temperature. This is referred to 
as pulsation welding when applied to spot 
or projection welding and as interrupted 
timing when applied to seam welding. 

A series of on-off impulses of current 
of selective varied levels and lengths may 
be used, the functions of each successive 
level being to preheat the material, to 
form the weld, to temper the quenched 
structure and lastly, if desired, to refine 
the grain structure; or any two of these 
functions in addition to the second may he 
employed. 

A continuing sequence of on-off d.c. 
discharge waves may be used for the mak¬ 
ing of continuous seam welds. 

There are two important time intervals 
in addition to the total interval between 
the first initiation and final termination of 
welding current. The period before the 
initial current application, or the squeeze 
time, is the interval between the instant the 
electrode contacts the work and the initial 
application of the current. A finite inter¬ 
val is required because the pressure is 
not instantaneously built up to its required 
value. The second time interval occurs 
between the final current termination and 


the instant of pressure release from the 
electrodes. This interval, known as hold 
time, is required to permit solidification 
of the weld ingot under pressure. If the 
current is inadvertently applied either 
immediately before the electrodes contact 
the work or during the electrode retrac¬ 
tion, a low-voltage, high-amperage arc will 
momentarily occur between the electrodes 
and the work. This will destroy the elec¬ 
trode tip contour and damage the work 
surface. 

Electrode Force .—The electrical circuit 
between the electrodes and through the 
work is assured of its completion by the 
continuous application of a clamping pres¬ 
sure. This pressure is exerted on the 
work throng!) electrodes using manual, 
hydraulic, pneumatic or mechanical means. 
Eor a given material composition and 
thickness, the higher the magnitude of the 
applied force the more it serves to: 

(a) Bring the various interfaces 
into intimate contact. 

(b) Reduce initial contact resistance 
between the interfaces and between the 
exterior surfaces and the contacting 
electrodes. 

(c) Require and permit the use of 
higher secondary currents. 

(d) Reduce porosity and internal 
ingot cracking. 

The force throughout the squeeze, weld 
and hold times may be applied in several 
magnitudes: 

1. A constant single force through¬ 
out. 

2 A double force magnitude with a 
high initial value for reducing initial 
contact resistance and for bringing the 
parts into intimate contact ((a) and 
<b) above), followed by a lesser force 
for welding, to reduce (c) above. 

3. A triple force magnitude being 
the same as (2) followed by re-applica- 
tion of an equal or even higher force 
near the end of the current flow to 
accomplish (d) above. 

4. A double force magnitude with 
the current applied at a suitably low 
pressure followed by a higher pressure 
near termination of current flow to re¬ 
duce ( c ) and achieve (d) above. 

There are practical limits to each of 
these possibilities. For example, the use 
of insufficient pressure during welding will 
result in high contact resistance, caus¬ 
ing excessive surface heating even with 
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currents insufficiently high to form satis¬ 
factory welds. 

Electrodes 

Resistance welding electrodes perform 
four functions : 

1. They conduct the total welding 
current to the work, and determine the 
current density in the weld zone. 

2. They transmit the force to the 
weld area and determine the pressure 
in the weld zone. 

3. They dissipate the heat from the 
weld zone, thus preventing surface 
fusion of the work. 

4. They maintain alignment of the 
work and often act as work locators 
in projection welding. 

The first of these functions is electrical. 
If the application of pressure was not 
involved for mechanical reasons, suitable 
electrode selection could be made almost 
entirely on the basis of electrical and 
thermal conductivity, taking into account 
the resistance of the electrode itself and 
the resistance at the area of contact be¬ 
tween the electrode and the work surface. 
The second function is mechanical. Dur¬ 
ing welding operations the electrodes are 
subjected to stresses which are often of 
considerable magnitude, and they must 
withstand these stresses at elevated tem¬ 
peratures without excessive deformation. 
Proper electrode shape maintenance is im¬ 
portant because the current not only must 
be conducted to the work, but also must 
be localized within a fixed area. The 
transmitted pressure forges the heated 
work-pieces together, and restricts the 
passage of welding current to a fixed area. 

Successful execution of any resistance¬ 
welding operation, however simple or 
complicated it may be, is dependent upon 
the proper functioning of the electrodes. 
Recent developments have made it more 
evident than ever before that good re¬ 
sistance welding requires precision. The 
welding equipment is designed to furnish 
the electrical system, mechanical system 
and the sequencing of each. It becomes 
the overall function of the electrodes to 
conduct the current and to withstand the 
high pressures, so as to maintain a uni¬ 
form contact area and to insure the con¬ 
tinued proper relationship between cor¬ 
rectly selected current and pressure. Uni¬ 
form contacting areas should therefore be 
maintained. 

When a single spot or seam weld is 
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to be made at one time, only one pair 
of electrodes is used. In this case the 
full magnitude of the force and current 
is applied by shaped electrodes to the 
individual weld being made. Only one 
pair of electrodes need be used for mak¬ 
ing several closely spaced projection 
welds. 

Principles of Operation 

General .—The operations of spot, roll- 
spot, seam and projection welding involve 
a coordinated application of current of 
the proper magnitude for the correct 
length of time. This current must pass 
through a closed circuit, assured of its 
continuity by forces applied to the elec¬ 
trodes, which are shaped to provide the 
necessary current and pressure densities. 
The entire sequence of operations is re¬ 
quired to develop sufficient heat to raise 
a confined volume of metal to or above 
its melting point and to then resolidify 
and cool this metal, under pressure, to a 
temperature where it has adequate strength 
to hold the parts together. The achieved 
temperature must be such that fusion or 
incipient fusion is obtained, but not so 
high that molten metal will be forced 
from the weld zone. Both the rate of 
rise and fall of temperature must be suf¬ 
ficiently rapid to assure the achievement 
of commercial welding speeds but neither 
must be permitted to be so rapid that 
either inconsistent or brittle welds will 
be produced. The rate of rise and fall of 
temperature and the time of maintenance 
at temperature are determined by the 
characteristics of the metals being welded 
and by the capacity of available equip¬ 
ment. 

The heat required for any resistance¬ 
welding process is produced by the resist¬ 
ance offered to the passage of an electric 
current through the work-pieces in exactly 
the same manner as any other electrical 
heating device. Since the ohmic resist¬ 
ance of any resistance weld is low, high 
welding currents are required to develop 
the necessary welding heat. 

The rate of heat generation depends 
upon the flow of current in amperes 
through the resistance offered by the ma¬ 
terial. Other electrical factors, such as 
voltage, frequency and power factor enter 
into consideration only with respect to 
their uniformity, and only affect the value 
of the current. 
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Ohm’s Law, one of the basic electrical 
theories, states that: 





where I is current in amperes, E is the 
emf. or voltage drop across the electrodes, 
and R is the resistance through the mate¬ 
rial in ohms. R is the summation of the 
contact resistances and the resistance of 
the work to be welded. Therefore, for 
a given value of R, the magnitude of I 
is determined by E. Current regulators 
provided on most welding machines merely 
control the secondary voltage, which, in 
turn, determines the current delivered to 
the weld of a given resistance. 

I he total heat in watt-seconds generated 
in the work being welded and in the weld¬ 
ing electrodes is expressed by the formula 

H = I'RT, 

where T is time in seconds. From the 
heat and current equations it also can be 
shown that 

II = IET 

Mechanical Characteristics .—The me¬ 
chanical operation of spot, seam and pro¬ 
jection-welding machines is essentially the 
same. The electrodes approach and re¬ 
tract from the work at properly controlled 
times and rates, and the clamping force 
ot the electrodes is applied in the mean¬ 
time by manual, pneumatic, hydraulic or 
mechanical means. Rate of electrode ap¬ 
proach must be rapid but controlled so 
that the electrode faces are not hammered 
out of shape. The locally heated work- 
parts both expand and contract during 
the welding operation and the electrodes, 
under pressure, are in dynamic motion. 
I he rate of change of motion is influenced 
by the weight of moving parts or inertia 
and by friction between the moving and 
hxed parts. Under these conditions ade¬ 
quate pressures must be maintained. 

I wo parallel conductors carrying cur¬ 
rent in opposite directions, as in Fig. 2, 
are mutually repelled. This repelling 
force is trying to push the electrodes apart. 
Io prevent the electrodes from actually 
leaving the work, the total force applied 
must be greater than the repelling force. 
In addition this force must be sufficient 
t° compress the work parts together when 
they become molten or plastic. For ex¬ 
ample in a projection weld if the height 
of the embossment is 0025 in., and it is 


desired to weld the two pieces flush in one 
cycle and if the actual time the metals are 
plastic is approximately one-half of the 
total time the current is applied, or V 120 
sec., the net force available for accelerat¬ 
ing the electrodes during the Vi» sec. must 
be sufficient to cause the electrode to 
travel 0.025 in., the height of the emboss¬ 
ment. The accelerating force, together 
with the momentum of the head weight 
itself, must not be so high as to deform 
the contacting tips of the electrodes, or 
flatten and crush the parts to be welded, 
therefore preventing the satisfactory use 
of the desirable short time. 

\\ hen the electrodes do not follow 
through as fast as the materials melt, ex¬ 
cessive surface heating may occur and 
an arc may form between the electrodes 
and the work. This arc burns or pits 
the electrode faces and causes them to 
stick. If the delay is long enough, the 
parts being welded may vaporize from the 
additional heat due to the increased re¬ 
sistance caused by the low electrode pres¬ 
sure. This may happen with explosive vio¬ 
lence. The condition is greatly aggravated 
in some metals, such as brass or aluminum, 
where the temperature range involved 
when they change from the solid to liquid 
or from liquid to vapor state is very short. 

For the reasons illustrated, high speed 
follow-up, low-inertia head machines have 
been developed and are available for the 
welding of such nonferrous metals as 
aluminum and brass. A properly designed 
lower arm of adequate rigidity to prevent 
deflection which would result in lateral 
electrode skidding should also be employed 
in a low inertia unit. 

Electrical Characteristics .—Sufficient 
voltage must be available in the electrical 
system to provide the required rms. cur¬ 
rent at the work to produce a weld of de¬ 
sired size (strength). The voltage neces¬ 
sary to produce this required current is 
determined entirely by the geometry of 
the secondary circuit, i.e., the size of the 
secondary loop and the amount of copper 
conductor in the circuit. This voltage is 
referred to as the secondary open-circuit 
voltage and when multiplied by the weld¬ 
ing current (secondary current) gives the 
demand kva. of the welding transformer. 

I he output or demand rating (kva.) of a 
welding transformer is usually many times 
its thermal rating, since the welding cur¬ 
rent flows for a small part of the total 
time. The duty cycle of a transformer 
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is defined as the percentage of time the 

transformer is actually carrying current 

and may be expressed by the following 
formula : 

9c Duty cycle = 100x 

___Cu rrent O n time 

Current On time -f- Current Off Time 

It is standard practice to rate welding 
transformers on a 509c duty cycle, i.e., 
a 100-kva. transformer can carry a 100- 
kva. load for 30 min. out of each hour. 
It is often necessary to find the permissi¬ 
ble kva. output of a welding transformer 
while operating at a certain duty cycle, 
or to find the permissible duty cycle at 
which a welding transformer can operate 


while supplying a known kva. demand. 

These can both be easily found with the 

use of the curve shown in Fig. 4 which 

gives the percent load allowable at various 
duty cycles. 

The following general principles may 
be stated : 

1. With a given secondary voltage 
the welding current will decrease as 
the throat depth is increased (Fig. 2). 

-•Jhe power factor (cosine of angle 
</, Tig. 5) will usually decrease with 
increasing throat depth and throat gap. 

lc ef !. cct °f the latter is greater. 

3. \\ ith the welding of increasingly 
heavier materials which do not extend 
into the throat, the reactance is not 
appreciably changed but the resistance 
increases and the power factor increases. 

4. Since the reactive current is in- 



Fig. 4—Operating Duty Cycle Vs. Percent Nameplate Rating 
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versely proportional to the frequency, 
the impedance of the secondary circuit 
is considerably less on 25 cycles than 
on 60 cycles. 

5. Consequently, for a given second¬ 
ary current, less secondary voltage is 
required on 25 cycles than on 60 cycles. 
Since the primary demand in kva. is 
proportional to the square of the second¬ 
ary voltage, considerably less kva. is 
required. 


of all resistance-welding machines built 
in the past are single-phase, a.c. machines. 

In general the source of power supply 
should be adequate and stable to the ex¬ 
tent that variations in power supply volt¬ 
age do not vary more than plus or minus 
5% due to loads other than from the ma¬ 
chine in question. Where adequate power 
supply is not available the use of one of 
the stored energy types of machine is 
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Fig. 5. — Relationship Between Resistance, Reactance and Im- 

pedance 


This reduction in kva. demand will 
amount to 25 to 50%, depending upon 
the geometry of the machine and the 
work. However, the values may be con¬ 
siderably different for some portable ma¬ 
chines. 

Power Requirements .—Power demand 
from the line is a function of the type of 
current and equipment employed. An 
adequate power supply is one of the req¬ 
uisites of present-day, high-production 
resistance welding. Every welding engi¬ 
neer should recognize this fact so that, 
even though lie is not able to solve the 
power-supply problem, he will be sure 
to bring it to the attention of those whose 
responsibility it is to provide an ade¬ 
quate power supply. 

It is the high kva., intermittent on 
/,me a nd low power factor of single¬ 
phase, a.c. welding machines which create 
serious power problems. Because of this 
fact the energy storage, frequency con¬ 
verter and dry disc rectifier types of ma¬ 
chine and series capacitors, Scott-con¬ 
nected autotransformers and various other 
arrangements for use with single-phase 
a.c. have been devised. Nevertheless, be¬ 
cause of their lower cost, wider adapta¬ 
bility and relative simplicity, over 90% 


indicated. The importance of providing 
constant voltage and current to the pri¬ 
mary of the welding transformer is to 
assure that uniformity of secondary cur¬ 
rent is obtained at the weld. 

Heat Generation .—'The secondary cir¬ 
cuit of a resistance-welding machine, in¬ 
cluding the work being welded, is con¬ 
sidered as a series of resistances, the 
arithmetical total of which in each circuit 
affects the flow of current. The current 
flow in amperes must be the same in all 
parts of each circuit regardless of the re¬ 
sistance at any point in the circuit, but the 
heat generation at any point will be di¬ 
rectly proportional to the resistance at 
that point. Thus, it is possible to design 
an electrical circuit to produce heat exactly 
where it is wanted, leaving the connect¬ 
ing parts of the same circuit relatively 
cool. 

An important characteristic of resist¬ 
ance welding is the rapidity with which 
this heat can be produced. The compos¬ 
ite effects of heat generated and lost in 
that part of the secondary circuit em¬ 
bracing the work and electrode tips is 
illustrated in Fig. 6. There are in effect 
at least seven resistances connected in 
.series for any one weld and there are 
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more for multiple thickness joints. For 
a two-thickness joint these are: 

1. Upper electrode. 

2. Contact between upper electrode 
and upper sheet. 

3. Body of upper sheet. 

4. Contact between upper and lower 
sheets (interfaces). 

5. Body of lower sheet. 

6. Contact between lower sheet and 
lower electrode. 

7. Lower electrode. 


sipated into the contacting liquid-cooled 
electrodes 1 and 7, whereas the heat at 
4 is partially trapped and dissipation is 
much slower. Therefore, as the weld time 
progresses, the rate of rise for plane 4 
will be much more rapid than for 2 or 6. 
The welding temperature is indicated by 
the vertical dotted line. In a perfectly 
controlled weld the welding temperature 
would first be reached by pin points on the 
interfaces, and then grow into a nugget as 
time progresses. 


WATER 





WATER TEMPERATURE 


Fig. 6.—Temperature Distribution in Spot Welding 


Not all of the heat is generated at the 
proper point, that is, the juncture of the 
work parts. The flow of heat to or from 
this point, which in turn assists or retards 
the creation of the proper localized weld¬ 
ing heat, is governed by the temperature 
gradient established by the welding current 
acting on the various resistive components. 

Heat will be generated in each of the 
seven sections in Fig. 6 in proportion 
to the resistance of each. However, weld¬ 
ing heat is required only on plane 4, and 
efforts must be made to reduce the heat 
as much as posible at all other points. 
At the start of a weld the temperature at 
all parts is represented by the vertical 
line marked Water Temperature. The 
greatest resistance is at plane 4; there¬ 
fore, heat is most rapidly developed at 
that location. Points of next greatest 
resistance are 2 and 6, and the tempera¬ 
ture rises rapidly at these points also, 
but not as fast as at plane 4. After a 
low percentage of the total time allowed 
for the weld, the heat gradient probably 
corresponds to the right-hand jagged line. 
Heat generated at 2 and 6 is rapidly dis- 


Factors affecting the amount of heat 
being produced in the weld by a given 
current for a unit of time are: 

1. The electrical resistance of the 
materials being welded. 

2. The electrical resistance of the elec¬ 
trode materials. 

3. The contact resistance between 
work parts as determined by surface 
conditions, scale, welding pressure, etc. 

4. The contact resistance between the 
electrodes and the work parts as deter¬ 
mined by surface conditions, area of 
electrode contact and welding pressure. 

Influence of Current .—In the heat for¬ 
mula, H = PRT, current is a squared 
quantity, hence has the greatest effect on 
the generation of heat. It is therefore 
the variable which must be most care¬ 
fully controlled. Some of the factors 
which cause variation in secondary current 
are : fluctuations in line voltage and varia¬ 
tions in secondary impedance caused, in 
the case of a.c. machines, by variations in 
geometry of the throat and the introduction 
of varying amounts of magnetic materials 
into the secondary loop of the machine. 
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In addition to variations in magnitudes of 
delivered current, variations in current 
density are produced at the weld inter¬ 
face by shunting of current through pre¬ 
ceding welds and through metallic con¬ 
tact at points other than between the 
clamping electrodes as shown in Fig. 7. 
Mushroomed or oversized electrodes also 
result in reduction of welding heat and 
weld properties through reductions in 
current density. 


cause the peaks to be less pronounced, 
the nugget will grow completely to the 
electrode faces, and volumes 3 and 5 will 
become plastic, which may result in severe 
embedding of the electrodes, particularly 
for high face angles. Furthermore, the 
heat-affected zone will extend far into 
the sheets beyond the electrodes. Finite 
values of time are required before any 
weld nugget is formed, the exact mini¬ 
mum length depending upon current mag- 



thick sheets 

BEING WELDED 



Fig. 7.—Current Distribution in Spot Welding 


For all conditions, a finite amount of 
current is required before any weld is 
formed but once incipient fusion tem¬ 
perature is reached the weld nugget size 
and strength increase rapidly with slight 
further increases in current. Excessive 
amounts of current result in weld expul¬ 
sion, cavitation, weld cracking and re¬ 
duced mechanical properties. Typical 
variations in shear strength of a spot weld 
as a function of current magnitude are 
shown in Fig. 8. 

Influence of lime .—The rate of heat 
generation must be such that the welding 
will be achieved in the required interval 
with proper compensation for heat losses. 
The total heat developed is a linear func¬ 
tion of time. The losses are caused by 
conduction into the surrounding work 
parts and into the electrodes, and also by 
radiation from the work parts into the 
surrounding air. These losses are es¬ 
sentially non-controllable, except that they 
increase with increases in total time. 

In the heat gradient curve, in Fig. 6, 
time moves to the left from the starting 
point (black vertical line). If the time is 
continued beyond that shown in the figure, 
the temperature of plane 4 will exceed the 
melting point, and at some points pass the 
boiling point of the work-pieces, causing 
gas pockets, which may result in expul¬ 
sion of minute particles, or spitting. If 
the contact planes 2 and 6 are scaly or 
pitted, the same thing may happen there. 
A continued application of current will 


nitudes and material thickness and com¬ 
position. In most cases, at some period 
during an extended welding interval, the 
radiation losses will equal the heat input, 
thus stopping further temperature rise. 
An illustrative relation between weld time 

and spot weld shear strength is shown 
in Fig. 9. 

Since the heat generated is proportional 
to the square of the current, if losses are 
neglected, doubling the current will quad¬ 
ruple the heat developed over any period 
of time. To a certain extent, time and 
current may he complementary, that is, 
a desired change of total heat may he 
secured either by a change of current or 
by a change of time. However, heat trans- 
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fer is a function of time, and in the de¬ 
velopment of the proper nugget size the 
time element cannot he shortened too much 
regardless of the increase in current. The 
hist effects of insufficient timing are 
noticed when heat is generated too rapidly 
at the contacting surfaces, resulting in pit¬ 
ting and spitting, especially at the elec¬ 
trode contacting surfaces. 

When spot welding heavy plates, the 
current is commonly applied in several 
relatively short impulses or pulsations 
without removing electrode pressure. 
Again referring to the heat gradient. Fig. 
6, the cumulative results of these several 
impulses can be observed. It is desired to 
build up the central peak and retard the 


PROCESSES 

The work-piece being spot, seam or 
projection welded must be held together at 
the weld area to enable the passage of the 
current. The amount of this pressure de¬ 
termines, to some extent, the total resist¬ 
ance between the electrodes and therefore 
the amount of current flowing through the 
weld. Everything else being the same, as 
the pressure is increased the current also 
increases and vice-versa. However, the 
effect on the total heat generated may also 
be the reverse, because as the pressure is 
increased the contacting surface resistance 
i* decreased, often necessitating an increase 
in secondary voltage to provide more cur¬ 
rent to compensate for the reduced resist¬ 
ance. 



Shear Strength 

electrode face peaks. A continuation of Most of the secondary impedance is 
impulses causes a more rapid rise at this made up of the larger reactance and resist- 

central peak than at the electrode faces, ance components of the machine. The 

provided proper heat balance is achieved. resistance of the work is a small percent- 

This is aided by the quenching action of age of the whole in magnitude and still 

the high conductivity electrode material. smaller in vector sum. Hence, pressure 

Influence of Net IVelding Force and changes have small effect on impedance 

Pressure .—The variable, R, in the heat and, therefore, on the welding current, 

equation is influenced by electrode pres- This is illustrated by the relatively small 

sure through its effect on contact resist- effect of pressure variations on heat 

ance. Force is considered to be the net generated, since the P quantity is little 

dynamic force of the electrodes upon the affected and R is the only quantity mani- 

work, and it is the resultant pressure festing this change of pressure, 

which varies the resistance. If the surfaces of metal sheets arc 
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highly magnified they appear somewhat 
like a washboard or choppy bodv of water. 
When subjected to light pressure, the 
actual metal-to-metal contact may be only 
a small percentage of the nominal area 
of contacting surface. As the pressure 
is increased these high spots are depressed, 
increasing the actual metal-to-metal con¬ 
tact, thus decreasing the contact resist¬ 
ance. The ideal solution would be to con¬ 
trol the force exerted at the interfaces 
and the force exerted at the outside sur¬ 
faces of the sheets separately. This is 
achieved in projection welding. Except 
for a few applications, the electrode ma¬ 
terial is softer than the work-pieces, con¬ 
sequently the application of a given force 
may result in better contact at the elec¬ 
trode contacting surfaces than at the in¬ 
terfaces. 

Standard welding machines are provided 
with sufficient adjustment to cover a wide 
range of both force and current control. 
These ranges are balanced as dictated 
by sound engineering and economic and 
commercial practice. 

When the electrodes arc slow in follow- 
mg any sudden decrease of total work 
thickness, a momentary reduction in pres¬ 
sure will occur. The usual cause of a 
sudden lessening in work thickness is 
weld overheating and possibly an expul¬ 
sion of metal. Rapid contraction may 
also occur following current termination in 
the case of short time welds and thin 
materials due to their high rate of cooling. 

A momentary reduction in pressure 
while the current is flowing causes in¬ 
creased surface contact resistance, with a 
resultant increased rate of heat genera¬ 
tion. Between the work parts the greater 
rate of heat generation causes or tends 
to cause further and more violent ex¬ 
pulsion of metal. Beneath the electrode 
tips the increased heat tends to cause melt¬ 
ing of the weld through to the exterior 
surfaces, pitting and loss of corrosion 
resistance of the surface, as well as marked 
reduction in electrode life. 

Another consequence of the reduction 
of applied pressure is the release of mol¬ 
ten metal from within the weld. Molten 
metal is retained by a ring of unfused 
metal which surrounds the weld nugget 
at the interfaces by the pressing action 
of electrode force. A momentary reduc¬ 
tion in electrode force permits the in¬ 
ternal metal pressure to rupture this sur¬ 
rounding ring of unfused metal. 


Too high pressures are likely to cause 
objectionable distortion. 

Influence of Electrodes .—Commercially 
pure copper is an excellent electrical 
conductor and was used extensively for 
resistance welding electrodes until other 
materials possessing adequate electrical 
conductivity together with superior me¬ 
chanical properties became available. 
With the development of procedures which 
utilize higher currents, higher pressures 
and greater welding speeds, the use of 
copper as an electrode material has been 
almost discontinued. 

The principal difficulty with cold drawn 
copper is its low resistance to both static 
and dynamic compressive forces and its 
low annealing temperature which is evi¬ 
denced by its mushrooming. While the 
welding current is usually considered in 
terms of total current in amperes, a 
closer analysis must consider it in terms 
of current per unit area of electrode con¬ 
tact. For any given welding conditions, 
a welding electrode with a specified con¬ 
tact area should be used which will pro¬ 
duce a current density in the work of 
a satisfactory number of amperes per 
square inch. With continued use of the 
electrode its face becomes mushroomed, 
increasing the diameter and consequently 
its area, which in turn decreases the cur¬ 
rent density (amperes per square inch). 

To overcome these objectionable fea¬ 
tures of commercially pure copper, there 
have been developed a number of copper 
alloys of superior physical and mechani¬ 
cal properties. Generally speaking, the 
harder the alloy, the greater its electrical 
and thermal resistance. Therefore, the 
choice of the proper alloy for any applica¬ 
tion is governed by a consideration of its 
electrical and thermal properties vs. its 
mechanical qualities. For instance, elec¬ 
trodes for aluminum welding will have 
high conductivity at the expense of high 
compressive strength. Electrodes for 
welding stainless steel on the other hand, 
sacrifice high conductivity to obtain maxi¬ 
mum compressive strength. 

Resistance to mushrooming depends on 
the proportional limit and the hardness 
of the copper base alloys; the propor¬ 
tional limit is largely a matter of heat 
treatment. The temperature of the body 
of the electrode is relatively unimportant 
since the governing factor is the tempera 
ture of the contacting surface. This is 
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\\ here the annealing and mushrooming 
take place. 

Size and shape of electrodes are usually 
determined by the size and shape of work 
to be welded. For ordinary work, spot 
and seam welding electrodes should be 
either domed or flat faced with low angles 
of face taper, and of sufficient size to 
adequately carry their electrical, thermal 
and mechanical loads. 

Influence of Surface Condition .—The 
surface conditions of the parts being 
welded influence the heat generation 
through the resistance of the contacting 
surfaces, 2 f 4 and 6 in Fig. 6. If all of 
these surfaces are clean the most uniform 
results will be obtained. 

Welding of any kind of material with 
oxides or scale on the surfaces produces 
variable and unpredictable results. Scale 
on the work surfaces also becomes em¬ 
bedded in the electrode faces causing rapid 
electrode deterioration. Grease and oil do 
not cause much difficulty provided they are 
clean. The greatest trouble from oil and 
grease is the pickup of dirt, which also 
causes electrode deterioration. 

Influence of Metal Composition .—The 
specific electric resistivity of a metal 
directly influences the magnitude of the 
value R in the heat formula and hence 
of the temperature for a given current, 
as shown in Fig. 6. Resistivity is the 
inverse of conductivity. In high conduc¬ 
tivity metals, such as silver and copper, 
little heat is developed even under high 
current densities. Since the thermal con¬ 
ductivity of these metals is also high, the 
little heat generated is rapidly transmitted 
into the surrounding work and into the 
impressing electrodes. 

The composition of a metal determines 
its specific heat, melting point, latent heat 
of fusion, thermal conductivity and den¬ 
sity, hence the total amount of heat which 
must be generated to bring it to its melt¬ 
ing point. The amounts of heat necessary 
to raise unit masses of most commer¬ 
cially available metals to the fusion tem¬ 
perature are very nearly the same. For 
example, two metals of such widely differ¬ 
ing spot-welding characteristics as stain¬ 
less steel and aluminum require the same 
Btu.’s per pound to reach fusion tempera¬ 
ture. However, the thermal conduc¬ 
tivity of aluminum is ten times greater 
than that of stainless steel. Therefore 
many more Btu.’s must be generated in 
the aluminum spot weld than in the stain¬ 


less steel weld to supply the greater heat 
losses into the electrodes and surrounding 
metal. Also, the electrical resistance of 
aluminum is about.one-tenth that of stain¬ 
less steel, so that, in the heat equation the 
welding current for aluminum must be 

considerably greater than for stainless 
steel. 

Much of the difficulty in spot welding 

• ^ in the high-melt¬ 

ing point weld area being so closely 
adjacent to the current-force transmitting 
electrodes. 

The composition of a metal also in¬ 
fluences the temperature range over which 
it is in the readily molded state. This 
is the range in temperature between the 
point of softening and melting. Steel 
begins to soften at about 1500° F. and 
actually melts or becomes liquid at about 
2200° F. For this reason, the conditions 
for welding steel are not critical since 
any given two pieces can be welded 
over a wide range of current, time and 
pressure. Aluminum has a very short 
plastic range and, to secure good results, 
the welding variables must be closely con¬ 
trolled. 

The composition of a metal also affects 
the temperature range between solidus 
and liquidus. In this range it is possible 
to produce plastic fusion welds or re- 
crystallization across the interface. Also 
composition affects the surface conditions 
'at this plastic range. For example, 
aluminum or chromium produces an oxide 
protective film that interferes with weld¬ 
ing. In wrought iron the slag acts as 
a flux at this forging temperature making 
plastic or solid phase welding easy. 

Heat Balance .—If two pieces of equal 
composition and thickness are welded to¬ 
gether with electrodes of equal mass 
and contour, heat will be generated in 
both pieces uniformly, and the weld 
cross section will be of the typical oval 
shape. When this condition exists, there 
is a correct heat balance. However, 
if one of the pieces has a higher electric 
resistivity than the other, heat will be 
generated more rapidly in this piece 
than the other, resulting in a less-than- 
perfect weld depending upon the amount 
of heat unbalance. In the case of dissimi¬ 
lar metals, such as when welding plain 
carbon steel to stainless steel, this dis¬ 
similarity can be compensated for by 
increasing the contacting electrode area 
on the high-resistivity stainless steel side. 
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or by using an electrode material of 
higher resistance on the low-resistivity 
carbon steel side. 

In the case of similar metals of un¬ 
equal thickness, the same considerations 
hold true in a general way. For higher 
ratios of dissimilarity of thickness there 
is a tendency toward the generation of 
insufficient heat at the interfaces, because 
of the proximity of the cooled electrode 
on the thinner part. Proper heat bal¬ 
ance can be achieved by using a smaller 
contacting electrode area on the thinner 
side of the joint, with short times and 
high current densities. 

Electrode diameters are usually given 
for various work thicknesses within a 
narrow range and if the proper sizes are 


of pieces, the welding time and the ex¬ 
ternal cooling means. The composition 
and mass of the work-pieces cannot be 
controlled, but the external cooling means 
can. 

The heat generated for a given amount 
of current is inversely proportional to the 
electrical conductivity. The thermal con¬ 
ductivity determines the rate at which 
this heat is dissipated or conducted from 
the weld. These two factors run closely 
parallel in most metals. In a high con¬ 
ductivity metal, such as copper, the small 
quantity of heat generated is dissipated 
at a rapid rate into the surrounding 
metal and into the electrodes. 

If the electrodes remain in contact 
with the work after current flow ceases, 



used for each thickness, the heat balance 
may be considered as satisfactory. 

Heat Dissipation .—In the formula for 
heat required to reach fusion temperature 
there is usually a corrective factor for 
radiation or dissipation of heat from the 
weld, which continues at a varying rate 
from the instant of current application 
until the weld has cooled back to room 
temperature. A study of heat dissipation 
should be divided into two phases: dur¬ 
ing the time of current application, and 
after the cessation of current flow. The 
extent of the first phase depends upon 
the composition of the metal, the mass 


and some hold time must be provided 
to assure that the current is not flowing at 
t*he start of electrode retraction, the 
weld is rapidly cooled by virtue of the 
high thermal conductivity of the electrode 
material. This rapid heat dissipation is 
aided by efficient liquid cooling of the 
electrodes. I he rate of lateral quenching 
from the surrounding metal of the parts 
being welded (see Fig. 10) is reduced 
if a longer welding time is employed, since 
this procedure allows more heat to trans¬ 
fer into the surrounding metal raising 
its temperature and reducing the tern- 
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peraturc differential between it and the 
weld nugget, which is important in 
governing cooling rates. For heavy 
masses of metal, where longer spot weld¬ 
ing times are generally employed, the cool¬ 
ing rates will be slower, whereas in very 
thin sheets or in projections on heavy 
stock where shorter times are employed, 
the quench rate is drastic. 

If the electrodes are removed from the 
weld immediately, the heat is dissipated 
into the atmosphere and the metal sur¬ 
rounding the weld zone and the quench 
rate is somewhat reduced. In the case 
of thin sheets this procedure may be ob¬ 
jectionable on account of warpage while 
for heavy stock adequate time to permit 
cooling of the larger mass below the 
molten state is necessary for strength 


into the surrounding metal, which tends 

to smooth out an otherwise steep quench 
gradient. 

Forging Pressure .—The clamping force 
used to best achieve the required heat 
quantity may not be adequate to consoli¬ 
date the weld nugget so that it will be free 
of internal porosity or cracking, depend¬ 
ing upon the metal composition, weld size 
and work thickness. In these instances 
multilevel force machines may be em¬ 
ployed to provide additional pressures 
during weld solidification. 

I he magnitude of these pressures will 
vary with the composition and thickness 
of the metal and of the geometry of the 
parts, but the forging or cooling pressure 
is commonly two or three times that used 
during welding. 



Squeeze Time | Weld Time | Hold Time | Off Time 

Fig. 11. Oscillogram Showing Relationship Between Current and Pressure in Electro¬ 
magnetic Stored Energy Machine 


Note: \ ertical lines denote electrode force; horizontal lines current. 


reasons. Therefore, it is usually desir¬ 
able to leave the electrodes in place for 
a sufficient time to permit cooling of the 
weld without allowing complete transfer 
of the heat into the surrounding volume 
of metal. Production demands in many 
cases necessitate a compromise, cutting 
the hold time to a minimum. 

In the case of seam welds, the hold 
time becomes short, because of the con¬ 
tinuous rotation of the electrodes. There¬ 
fore, it is necessary to flood cool the 
work to remove the heat as rapidly as 
possible. In some cases, it is desirable 
to make the weld completely submerged in 
water. 

It is not always desirable to rapidly 
cool the weld. In the case of quench- 
sensitive metals, it is usually desirable 
to remove the electrodes as quickly as 
possible to permit the heat to radiate 


Since the weld cools from the periphery 
inward (Fig. 10), it is necessary that 
the forging pressure be applied at or 
close to the current termination point 
in a.c. welding and at or after the peak 
of the surge with the d.c. surge type 
of current application. An illustration of 
the relations of forging pressure applica¬ 
tion and current termination are shown 
in Fig. 11. 

Surface Preparation .—The purpose of 
preweld surface preparation is to control 
the magnitude and to minimize variations 
of the contact resistance at the faying 
surfaces of the work parts and the contact 
resistance between the external work sur¬ 
faces and the welding electrodes. 

Surface resistance is caused by the 
presence on the work parts of foreign 
substances either deposited in the course 
of handling or formed chemically by 
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the action of atmosphere or other agents 
brought in contact with the work during 
its fabrication. The mechanical and 
chemical films constituting the surface re¬ 
sistance of metals are in no way similar 
and different methods must be employed 
for their removal. 

The fundamental principle of spot, 
seam and projection welding is the crea¬ 
tion of fusion between the contacting sur¬ 
faces of the parts joined and not on their 
outside surfaces. Heat produced between 
electrode surfaces and the work parts 
welded is usually harmful, particularly 
so if surface marking of the work is to be 
avoided. 

Dirt and oxide film from the surfaces 
of the parts welded which may come in 
contact with the electrodes must be re¬ 
moved or reduced in resistance to insure 
welds with good surface appearance and 
to minimize electrode pickup and thus 
increase electrode life. The need of 
likewise treating the resistance film on the 
faying surfaces of the material is equally 
great. Any deposited film such as oil. 
dirt, etc., will not be uniform. This in¬ 
troduces variations into the contact re¬ 
sistance which in turn vary the amount 
of welding heat generated. 

Methods of Cleaning. —There are a 
number of means of removing the me¬ 
chanically deposited film of dirt or oil 
from the surfaces of work parts to be 
welded. Vapor degreasers and chemical 
baths are the most satisfactory, although 
with proper supervision and technique 
hand wiping can be satisfactory. 

The removal of foreign substances such 
as oil or dirt from the work parts is not 
only necessary for its own sake but also 
in order to permit the subsequent removal 
of the oxide film since most of the means 
capable of attacking this film are rendered, 
to a large degree, ineffective by the pres¬ 
ence of oil or grease, and will not operate 
unless the surface is chemically clean, 
that is, will support a water film. 

The chemically formed film of oxide 
present on all surfaces can be scraped 
off by mechanical operations. The action 
must be sufficiently severe to cut through 
the oxide film yet gentle enough to 
prevent formation of an excessively rough 
or scratched surface. In the case of clad 
or coated materials, the action must be 
controlled to guard against appreciable 
removal of the cladding. For this reason 
tI k* bristles of wire brushes and the grades 


of abrasive used must be sufficiently fine to 
produce comparatively slow removal of 
material with each application. 

The principal advantages of mechanical 
methods of surface cleaning are: 

1. Ability to remove surface films 
locally without danger of subsequent 
deposit of other high resistance films. 

2. Ability to remove surface films 
trom any part of a surface without the 
need of treating the entire surface. 

3. Low capital investment. 

The principal disadvantages of the 
mechanical methods of surface cleaning 
are: 

1. High labor cost since steel wool, 
wire brush or abrasive, depending upon 
the metal, must often be applied to 
the surface by hand and the removal 
is comparatively slow. 

2. Difficulty of insuring uniform ac¬ 
tion since the extent of removal depends 
on the force applied by the operator to 
the rotary brush or abrasive sander or 
steel wool pail and the length of ap¬ 
plication of these means to any one spot. 

If, due to economy or other factors, 
it is not practical to use pickled stock! 
either purchased as such or pickled in 
the fabricator’s plant, the only recourse 
is to grind or polish the edges to be 
welded. This polishing must extend suf¬ 
ficiently back from the edge of the work 
part to fully clear the width of the 
electrodes. It can be done by hand or 
by machine. Some fabricators have 
found it more economical to devise semi¬ 
automatic machines for grinding the edges 
than to use pickled stock. This method 
also has the advantage that except for 
the weld line the protective coating of 
scale is left intact. This feature is desir¬ 
able for automobile mufflers, etc. 

Other methods of cleaning such as sand, 
coarse grit or shot blasting are not 
satisfactory since they tend to embed par¬ 
ticles of sand or scale into the surface. 
However, the use of fine sharp steel grit 
blasting has been found to be satisfactory. 

Annealing in a reducing atmosphere is 
also a satisfactory cleaning method for 
some materials. 

The principal advantages of the chemi¬ 
cal methods of cleaning are: 

1. Uniformity of results and ability 
to reproduce consistently the same sur¬ 
face condition, provided proper process 
control is exercised. 
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2. Low unit labor cost, since with 
proper installation the only labor cost 
is in loading and unloading of the 
cleaning basket. 

The principal disadvantages of the 
chemical method of cleaning are: 

L Necessity with some metals to 
control accurately the time of exposure 
of the surface treated to the action of 
the agent used, since either over- or 
under-exposure may result in higher 
surface resistance for these alloys. 

2. Presence of corrosive acids or 
alkalies on the factory floor and their 
potential danger to personnel. 

. 3. _ Comparatively elaborate installa¬ 
tion including corrosion-resisting tanks, 
automatic temperature and time controls, 
hoists, dipping baskets, etc. 

The chemical methods are widely used ; 
specific cleaning agents vary with ma¬ 
terial composition. 

Metals manufacturers can usually pro¬ 
vide thorough information on cleaning 
methods. 

Surface Preparation Control. —Surface 
preparation control is checked by measur¬ 
ing the cold contact resistance of the 
surfaces involved. This is most readily 
measured from electrode tip-to-tip through 
two or more pieces of stock, but the 
measurement can be made for any con¬ 
tacting areas. Unit surface resistance 
varies inversely with pressure, tempera¬ 
ture and area of contact. These values 
must be known and specified in order 
that reported values have significance. 

SPOT WELDING 

Spot Welding Methods 

Regardless of the type and source of 
current employed to generate the welding 
heat as described under the preceding 
fundamentals and of the specific mechani¬ 
cal characteristics of the machines, spot 
welding production methods may be 
divided into two classes: the making of 
single welds and the making of multiple 
welds. • A single spot weld is a weld 
made by current flowing through only one 
weld spot during any specific period of cur¬ 
rent flow. Figure 12 illustrates examples 
of single welds. Figure 12C is considered 
a single weld even though multiple points 
are used, because current-time sequencing 
insures against simultaneous current flow 
through more than one weld during any 


one period. Multiple welding consists 
of making two or more spots simultane¬ 
ously during one specific period of cur¬ 
rent flow. 

Single Welding.— Single welds may be 
made either directly or indirectly as to 
current path. Figures 12 D to F show 
examples of indirect welds made with a 
single transformer wherein only one weld 
is made because of the differences in con¬ 
tacting area of the two electrodes shown. 
Figures 12 G and H show single indirect 
welds made with multitransformers. 

Multiple Welding. —Multiple welds may 
also be made by direct or indirect means, 
as illustrated in Fig. 13. Examples L 
and M are series welds. While applica¬ 
tions of single and multiple-spot welds 
follow the general theory of Figs. 12 and 
13 the individual specific arrangements 
may vary. 

Series Welding. —Welds made by the 
methods shown in Fig. 13, L, M and TV, 
are series welds and depend for their 
successful application upon an accurate 
knowledge of the relative resistance of 
the several parallel paths available to cur¬ 
rent flow. For example, in Fig. 13L 
the dimension between contact points and 
the thickness of the material contacted by 
the electrodes must be such that a majority 
of the current will pass from the elec¬ 
trode down through the spot to be welded, 
through the copper shorting block and 
back up through the contacting electrode 
rather than flow through the upper 
plate between the contact points. A 
specific example may be cited where it 
was required to weld three thicknesses 
of 3 /a 2 -in. thick low-carbon steel in the 
manner illustrated. Experiment deter¬ 
mined it to be necessary to space welds on 
6-in. centers to avoid excessive shunting 
of welding current through the top mem¬ 
bers. If closer spot spacing was desired, 
it would be necessary to backstep, still 
keeping the electrodes on 6-in. centers. 
The illustrations have shown regular spot 
welding electrodes, but circular electrodes 
may be also used as electrodes for roll- 
spot welding with the possible exception 
in Fig. 13 TV. In this case, the resistance 
of the wheel bearings would probably be 
too high for most applications. 

Parallel Welding. —In parallel welding, 
the current is passed through several pairs 
of electrodes and divided into parallel 
paths. The individual path distributipn 
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of the current is determined by the rela¬ 
tive resistances of each path in accord¬ 
ance with the laws of electric current flow, 
the most current going through the path 
of the lowest resistance. Since it is diffi¬ 
cult to maintain equal resistances in each 
path, uniform distribution of current is 
not always obtained and the results are 
accordingly not always uniform. 


it is impractical to attempt to prespecify 
welding schedules for every conceivable 
condition and combination. However, for 
the most commonly welded metals, data 
have been compiled by the AWS Resist¬ 
ance Welding Committee to serve as a 
guide for the welding of those metals. 
These Recommended Practices are shown 
in Tables 1 to 7, inclusive. (Data on pul- 
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Fig. 12.—Typos of Single Spot Welds 
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Fig. 13.—Types of Multiple Spot Welds 


Spot Welding Schedules 

Prom the dimensions, properties and 
characteristics of the metals to be welded, 
the specific type of welding equipment and 
methods to be ejnployed, and the joint de¬ 
sign involved, it is possible to establish a 
welding schedule for any particular com¬ 
bination of these variables. With the 
obvious multiplicity of variables involved 


sat ion welding will be found in Tables 14 
and 15.) 

I he schedules have been compiled to 
provide uniform information for use by the 
design, manufacturing and inspection de¬ 
partments. In order to obtain uniform 
production it is necessary that these three 
groups employ the same welding data be¬ 
cause of the interrelated requirements 
of design, welding practice, and results 
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produced. The designer must be guided 
in choice of overlap, flange width, weld 
spacings and weld strengths by the equip¬ 
ment and conditions to be employed in the 
manufacture of the product. To assure 
that the anticipated weld strengths are 
achieved, the manufacturing units should 
employ the applicable factors of the sched¬ 
ule—eletrode dimensions, force, current 
and time—as specified. 

Welding Current: The values given in 
the Recommended Practices are approxi¬ 
mate and are intended to help calculate 
and specify the capacity of welding ma¬ 
chines. They should not be used as exact 
values to obtain a given weld strength. 
The current may be increased to the point 
where metal expulsion occurs and then re¬ 
duced to just below this point; optimum 
strengths may thus be obtained. 

Time: The values shown for all time 
factors are in cycles based on 60 per 
sec., except that the Weld Time for pulsa¬ 
tion welding is in number of current pul¬ 
sations. 

Force: The values refer to the net 
forces between contact surfaces, such as 
would be obtained in actual welding. 

Electrodes : Two forms of electrode are 
shown, one having a flat face and beveled 
sides, the other having a dome-type face. 
The domed-type is easier to maintain in 
service and its use is preferred. 

Where the flat-face electrode is used, the 
small diameter, d , should not exceed the 
value specified in order to control elec¬ 
trode contact area. On the other hand, 
use of a much smaller end diameter than 
specified will cause metal expulsion and a 
reduction in weld strength. In use. care 
should be exercised to prevent excessive 
increase in the contacting diameter by 
dressing to size when required. 

The electrode body diameter, D, is a 
minimum; use of smaller diameter than 
specified will result in over heating and 
excessive mushrooming. 
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Heat Balance 

Heat balance may be defined as a condi¬ 
tion in which the fusion zones of both 
pieces of material to be joined undergo 
approximately the same degree of heating 
and pressure application. Heat balance 
is influenced by: 

1. Relative thermal and electrical con¬ 
ductivities of the materials to be joined. 

Relative geometry of the parts to 
be joined. 

. 3 - Thermal and electrical conductivi¬ 
ties of the electrodes. 

4. Geometry of the electrodes. 

It is desired, for example, to weld a 
high copper content alloy of high thermal 
and electrical conductivity to a material 
of low thermal and electrical conductivity 
such as stainless steel. In this case the 
weld may not be of the best quality due 
to a poor alloying condition of the dis¬ 
similar materials, but the nearest approach 
to a satisfactory weld would be accom¬ 
plished by using one of the techniques 
shown in Fig. 14. 

higure 14.4 shows a correct heat balance 
. using a smaller electrode area 
on the copper alloy than on the steel alloy 
to obtain approximately equal degrees of 
fusion by variable current density. Figure 
14£ shows a correct heat balance obtained 
by using an electrode with a facing of 
high thermal resistance material such as 
tungsten or molybdenum to create approxi¬ 
mately the same fusion in the copper alloy 
as in the steel alloy. Figure 14C indicates 
the use of a combination of both techniques 
shown by Figs. 14.4 and B. 

A proper heat balance may also be 
achieved in these two dissimilar alloys by 
the method indicated in Fig. 1 AD where * 
the increase in the thickness of the higher 
conductivity alloy compensates for the 
higher conductivity. 

An artificial method of creating a heat 
balance sometimes employed consists in the 



Fig. 14.—Techniques for Obtaining Heat Balance in Spot Welding Dissimilar Metals 
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use of a thin plating of lower conductivity 
material or the insertion of thin strips of 
such material between the two pieces of 
work to be welded. Tin plating of copper 
or brass is an example of this technique. 
The plating is very thin, being measured in 
ten thousandths of an inch. 

Heat Shrinkage 

It is often desirable to produce flush 
or invisible welds. This may be closely 
approximated if all factor* are closely con¬ 
trolled. In order to attain the best result*, 
it is necessary to understand the most im¬ 
portant factor, which is heat shrinkage. 
When the work is heated, (Pig. 6) it 
tends to expand in all directions, but due 
to the pressure exerted by the electrodes, 
any vertical expansion is immediately 
forged out, with the result that all of the 
local expansion takes place in the horizon¬ 
tal plane, usually causing a slight ridge as 
shown at A, Fig. 15. In cooling, the con¬ 
traction takes place along the lines of least 
resistance, or almost entirely in the verti¬ 
cal plane, which results in the concave 
surfaces shown. This is not to be confused 
with electrode marks (Pig. 16) where the 
electrodes embed themselves into the work 
due to improper control. Little actual 
depth of shrinkage depression exists, usu 
ally not over a few thousandths of an inch, 
but in some forms of finishing operations 
and with certain forms of light reflection 
it is conspicuously noticeable. It is almost 
impossible to completely eliminate these 
heat shrinkage marks, but they may be ma¬ 
terially reduced by proper control, that i*. 
by making the welds in a short time, 
thereby preventing as much as possible tin- 
radiation of heat to the surface. 

Various techniques are used to minimize 




Elg. 15.—Effect mi Heat Shrinkage 

on Spot Weld* 




Expulsion of weld 
metal. 


Too tharp electrode 
contour. 


< 3 . 16.—Causes of Electrode Markings on 

Material Surface 


these markings. The most common 
method is to use an electrode of greater 
area on the side of the material which is 
desired to have a minimum of marking 
as in Fig. 1 AA. If this electrode is made 
of a copper alloy having a higher pro¬ 
portional limit than that of hard-rolled 
copper, the surface contacting the weld 
does not deform due to heat and pressure 
as quickly and thus minimizes surface 
marking of the welded material. 

One method, shown in Fig. 17, recog¬ 
nizes that the marking cannot be pre¬ 
vented entirely and that an imperfection 
can more readily be dressed off if it is 
above rather than below the material 
surface. Such a condition is deliberately 
created by using a depression in the elec¬ 
trode contacting the surface to be finished. 
The hot metal conforms to this depression 
and, being above the surface of the sur¬ 
rounding material, is more easily removed. 
However, when using this method, a de¬ 
pression around the periphery of the weld 
may be obtained. 



rig. 17.—Depression in Elec¬ 
trode Used to Prevent Surf* 
Indentation 
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Indirect introduction of current to the 
weld as shown in Fig. 18 assists in ob¬ 
taining a minimum of marking on Part 

B by affecting current distribution in that 
part. 

ROLL-SPOT WELDING 

Roll-Spot Welding Methods 

Roll-spot welding consists of making 
a series of separately spaced spot welds in 
a row by means of one or two rotating 
circular electrodes without retracting the 
electrodes or removing the welding force 
between spots. The same principles apply 
as have been explained for spot welding. 
The radius of the electrode determines 
the contacting longitudinal radius of the 
electrode. The use of the same transverse 
radius in effect provides a domed or 
spherical electrode. 

The weld spacing is obtained by proper 
adjustment of electrode speed and current 
off time, using conventional seam-welding 
machines. The individual roll-spot welds 
are essentially the same as spot welds 
made in the usual manner except that 
shorter hold times are employed and, due 
to electrode travel, the welds tend to have 
an elongated nugget. Single and multiple 
welds may be made as discussed under 
spot welding. 


PROCESSES 

ployed, which may sometimes require 
the use of higher roll forces. 

SEAM WELDING 

Seam Welding Methods 

C ontinuous Motion .—The electrodes 
are driven at a constant speed consistent 
with the particular work being done or, 
in some cases, the work is pushed or 
pulled at a constant speed and the elec¬ 
trodes idle under the proper electrode 
force. 

The electrode drive on seam-welding 
machines may take several forms. In the 
standard seam-welding machine, the upper 
or lower wheel may be directly gear 
driven by a motor through a gear box 
and clutch. Also both electrodes may be 
driven with a knurl drive, which is a 
steel disc or roll formed to fit the face 
of the electrode a short distance up its 
side with the surface contacting the face 
of the electrode being knurled to give 
traction. The knurled type of drive pro¬ 
pels both wheels at the same peripheral 
speed, irrespective of their diameter and is 
particularly adaptable to the welding of 
coated materials such as tin plate, terne 
plate and galvanized iron, as this type 
of drive tends to break up the coating 
from these materials picked up on the 



Fig. 18.—Indirect Introduction of Current to Minimize Surface Markings 


o - pot Welding Schedules f ace G f tJ le electrodes. In the traveling 

When continuously moving electrodes roll-type machine, the work is clamped 

are employed, as is commonly the case, to a bar electrode and pushed under an 

welding times are usually held to lesser idler electrode, power being applied to 

values than for spot welding and there- push the work rather than to rotate the 

fore somewhat higher currents are em- electrode. In other cases the electrode 
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mounting member is pushed parallel to 
the seam resting on the bar electrode. 
In multiple seam-welding equipment, 
where two wheels are connected in series 
across the transformer and the bar elec¬ 
trodes are used as shunting members 
under the work, a hydraulic drive is 
usually used as it gives a smoother and 
more constant-speed motion than most 
types of mechanical drive. 

In making several parallel seams on 
flat work, electrodes in multiples of two— 
each pair with its own transformer— 
may be used, as there are no current in¬ 
terferences between the various pairs of 
electrodes on the same work-piece in this 
method of series welding. 

Intermittent Motion .—Where the work 
parts are too thick to be satisfactorily 
welded by the continuous motion method, 
usually 3 /i« in. or greater, an intermittent 
drive may be applied to the work or elec¬ 
trodes by the Geneva motion of gearing or 
by a stop-and-start electrical control on 
the driving motor. In this way the work 
progresses between the electrodes the 
distance required for each succeeding 
weld increment and stops during the time 
required to properly make each in¬ 
dividual weld, then automatically moves 
the proper distance for the next weld 
increment; this is repeated for the 
full length of the weld. 

In intermittent motion welding an in¬ 
terrupter may be used with continuous 
interruptions or a spot weld timer may 
be used, arranged to give a measured time 
of current application each time the in¬ 
termittent motion ceases. 

Interrupted current is usually necessary 
for most seam welding as it gives much 
better control of the heat, allows each 
successive increment in the seam to cool 
under pressure, gives less distortion to 
work parts due to overheating of material 
adjacent to the weld, gives better control 
of flashes or burns caused by adverse 
conditions of material and makes sound 
welds with less surface disturbance. The 
choice of the correct type of interrupter 
is important. The synchronous electronic 
interrupter is the best type for seam 
welding (see Chapter 15). The use of 
mechanical interrupters for seam weld¬ 
ing is not advised due to their non-syn- 
chronous switching, slow speed and other 
inherent inaccuracies. A type of seam 
welding where an interrupter is not 
necessary is that which welds at high 


enough speeds so that the frequency of 
the electrical circuit itself acts as an in¬ 
terrupter. Also no interrupter is required 
for some conditions of welding with direct 
current. 

Types of Welds 

There are several different types of 
seam welds, and these are generally 
similar to spot welding applications. The 
most commonly used type is the simple 
lap seam weld, Fig. 19, in which the 
pieces or edges to be welded are lapped 
sufficiently to prevent spitting of the 
weld metal from the edges of the stock. 
Common examples are the lap joints in 
cans, buckets, water tanks, mufflers, large 
diameter thin wall pipes, etc. 



Fig. 19.—Common'Typo of 
Lap Seam Weld 


Similar to this is the flange joint, 
shown in Fig. 20. At A, one of the pieces 
is straight. This is a construction com¬ 
monly used for welding out-turned flanged 
bottoms or tops to containers of various 
types. At B, both pieces are shown 
flanged. I his design is used on automo¬ 
tive gasoline tanks, etc. Often the flanged 
pieces are dished to obtain added strength. 
In this case it is necessary to mount one 
or both wheels at an angle to clear the 
work. Best practice limits this angle to 
6 deg. although angles up to 10 deg. have 
been used. Angles greater than 6 deg. 
complicate the machine design by causing 
excessive bearing thrust, lack of bearing 
clearance and the necessity for using 
larger welding electrodes. 

It is sometimes necessary to place 
the electrodes at an angle for the A and B 
types also, especially if the radius at the 
flanges is too small to permit sufficient 
clearance between the electrode and the 
work. On small diameter containers with 



384 


WELDING PROCESSES 



Fig. 20.—Common Types of Seam-Welded Flanged Joints 


dished heads it is often impossible to 
place the wheel at an angle to clear the 
dish. Figure 21 shows an alternative 
construction which uses one special elec¬ 
trode. This is to be avoided where 

possible due to greater cost and shorter 
electrode life. 

The joint types in Fig. 20 may be used 
in either flat or round parts. Designs of 
the type shown in Fig. 22 involve rec¬ 
tangular containers. One application con¬ 
sists of welding 2-in. radius corners into 
a rectangular container measuring about 
14 in. per side. Obviously the^ lower 
welding wheel must have a radius less 
than that of the corner, for example. 
l‘/ 8 in. (3 3 / 4 -in. diameter). Due to the 
differences in area of contact of both 
the upper and lower electrodes, entirely 
different welding conditions are presented 
in welding the corners as compared with 
vvelding the straight sides. In practice, 
since welding the corners is slower and 
more difficult, the machine is set for this 
condition, at a sacrifice in welding speed 
for the balance of the seam. 

Another type of seam weld commonly 
used is the mash seam weld. This is a 
weld in which the overlap is considerably 
less than for the lap joint. Sheet Vio-in. 
thick is about the heaviest stock that can 
be successfully mash seam welded. If 
the overlap is held at about F/z times the 
stock thickness and the machine is operated 
at a reduced speed, with higher pressure 
and non-interrupted current, the resultant 
weld will be strong, of high quality and 
with a bump or weld thickness not more 
than 10 to 25% greater than the thickness 
of the sheet. Flat electrodes are used, 
sufficiently wide to completely cover 
the overlap. This type of weld is used 
extensively for refrigerator cabinets, stoves 
and many porcelain enameled applications. 
The amount of excess thickness at the 


weld, the amount of overlap and the speed 
of operation are all interrelated and can 
he regulated to meet specific requirements 
of the finished product. Preweld tacking 
or otherwise rigidly clamping the work- 
parts to maintain the exact overlap ahead 
of the welding electrodes is important. 

Low-carbon steel is considered to be 
the most satisfactory metal for mash seam 
welding, but stainless steel has been mash 
seam welded for certain applications. Non- 
ferrous metals cannot be mash welded be¬ 
cause of their narrow plastic range. For 
best results wheel electrodes must be used 
on each side of the weld. A mandrel 
can be used in place of one of the elec¬ 
trodes, but the mash will not be as com¬ 
plete. ^ If the overlap of a mash seam 
weld is reduced to zero, that is, the edges 
butted together, and the same procedure 
used, there will result, instead of a ridge, 
a slight depression in which both ends of 
the abutting pieces are heated, mashed 
and to a slight extent forged together. 
The resulting weld may be of sufficient 
strength for some applications. A third 
type of seam weld is the butt-seam weld, 
which is commonly used in the manufac¬ 
ture of electric welded piping and tubing. 

A variation of this, but still constituting 
a seam weld, is sometimes resorted to for 
such applications as toys, automobile horns 
and other inexpensive and low strength 
joints. 

Direct Welds .—The electrodes contact 
the work-piece directly opposite each 
other and consist of two circular elec¬ 
trodes or one circular electrode and a 
bar, as illustrated in Fig. 12, A and B. 

Indirect Welds .—One electrode contacts 
the work direetlv and the other electrode 
which may be circular, a bar or a shoe 
contacts either the work on the same side, 
but in a remote area, or contacts a fix¬ 
ture or bar arranged to complete the re- 
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turn circuit, as illustrated in Fit? 12 D 
E and F. 

Series Welds .—In series seam welding 
both rotating electrodes are on the same 
side of the work part and a short-circuit¬ 
ing bar placed on the other side for the 
return circuit (Fig. 13L), or in addition 
to the bar, circular electrodes electrically 
connected by a shaft may be used. With 
this arrangement, two seam welds are 
made simultaneously. 

Multitransformer Seam Welds. —An ar¬ 
rangement of two or more pairs of circu¬ 
lar electrodes or circular and bar elec¬ 
trodes, each pair with its separate trans¬ 
former as illustrated in Fig. 1 3K, making 
two or more seam welds simultaneously. 
This is a multiple arrangement of direct 
welding. 



21.—Special Electrode for 
Seam Welding Dished Hoads 

Single Row Welds. —Seam welds made 
where the two edges of the material are 
lapped sufficiently so that cool material 
will be left on each side of the weld, of 
sufficient width to support the hot metal 
and prevent the expulsion of the metal 
forming the weld nugget, Fig. 19. 

Multiple Roiv Welds— Seam welds 
made parallel to each other, usually with 
two or more pieces of metal lapped their 
full width, made in several passes with 
one set of electrodes or made in one pass 
with parallel electrodes. 

Continuous Welds.—A seam weld made 
where each individual spot overlaps the 
preceding one, making a gas or liquid 
pressure tight weld. 

Intermittent Seam Welds.—A seam 
weld where each individual weld contains 
a number of overlapping spot welds or 
weld increments making a joint which 


has good mechanical strength but is not 
pressure tight. 

Welding Schedules 

Current and V oltage. —The correct 
welding current is so dependent upon 
other conditions that it is not practical 
to give rules for its determination. For 
example, the amount of cooling water ap¬ 
plied to the electrodes will change the 
current requirements. General statements 
might be made such as: the shorter the 
time on or the faster the welding speed 
the more the current required but, first, 
all the other variables should be estab¬ 
lished and then the current determined by 
trial and error until the desired quality 
of weld is obtained. Recommended Prac¬ 
tices for the most commonly welded metals 
are given in Tables 8 and 9. 

Required transformer tap voltage is de¬ 
pendent on type and thickness of mate¬ 
rial, speed of welding, throat depth, and 
surface condition of material as well as 
the welding machine impedance but is 
usually somewhat higher than used for 
spot welding the same thickness of mate¬ 
rial because higher currents are required 
due to the continuous shunting effects 
and the distribution of the current and 
weld areas. 

7 i me. —It cannot be said that any defi¬ 
nite timing schedule is the best for a given 
stock. There are many other variables 
which influence the choice such as weld¬ 
ing speed, capacity of the machine, thick¬ 
ness of stock, type of joint desired, etc 



rig. 22.—Use of Small Diameter 
Electrode for Seam Welding Corner 

Joints 
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Assuming a gas or liquid-tight joint is 
desired, the best timing will be that which 
will allow the fastest welding speed within 
the capacity of the machine. For practi¬ 
cal purposes and best results the time on 
should be equal to or greater than the time 
off. The time on is determined largely 
by the thickness of stock while the time 
off is determined by the welding speed. 
That is, the thicker the stock the longer 
the time on while the faster the welding 
speed the shorter the time off. 

Force .—The electrode forces used for 
seam welding are usually higher than 
those used for spot welding the same 
material. The fit of the material in the 
joint has much to do with the force re¬ 
quired. The material should fit closely 
together and be free from wrinkles and 
excess material in one piece over the other. 
Slack between the two pieces will run 
ahead of the wheel electrodes and give 
trouble near the end of the weld. This 
is of particular significance for circular 
parts like the bottom in a tank or can. 


Bar electrodes may assume the face shape 
as shown in A or B. 

The diameters may vary from a mini¬ 
mum of 2 in. to as much as 2 ft. for special 
machines. However, the common range 
is from about 6 to 10 inches. The usual 
material is a copper alloy of the heat- 
treated, precipitation-hardening type. 

The edge or face, in contact with the 
work usually has a slight crown and 
rounded corners. 

The rate of electrode wear is determined 
by the pressure used; the surface condition 
and analysis of the material being welded ; 
the electrode temperature as influenced by 
values of welding current and amounts 
of cooling water; abrasion of work and 
drive rolls; and the material used for the 
electrode. 

As heavier thicknesses of materials are 
welded using heavier forces and higher 
currents, the face widths of the electrodes 
must be increased to avoid excessive pres¬ 
sure and current density in the work. 

The width of the weld at a point on the 


* 




Fig. 23.—Shapes of Seam-Welding Electrodes 


Electrodes .—Electrode shapes are shown 
in Fig. 23 —A being the electrode used 
where clearance is available on both sides 
of the work, B where the weld must be 
made close to an obstruction such as a 
flange or the bottom of a tank-type struc¬ 
ture, C where an obstruction may be at 
right angles to a seam. A notched elec¬ 
trode can be used for bridging transverse 
obstructions each time with a notch close 
to the obstruction and rolling away from 
the obstruction with the electrode. Where 
the obstruction is on one side only, a 
notched electrode as shown in C and a 
plain electrode as shown in A may be used. 


center line between the two work-pieces 
ranges from VU to 3 times the thickness 
of the thinner piece being welded. The 
higher ratio of weld width to plate thick¬ 
ness occurs when welding the thinner 
thicknesses and this ratio decreases as the 
material increases in thickness. The 
lower limit of commercially practical elec¬ 
trode face width is approximately 1 /s to 

3 /16 in. because of excessive electrode wear. 

This explains the high ratio of weld 
width to sheet thickness for the lesser 
work thicknesses. The weld width is 
always slightly less than the face width 
when commercially practical welding 
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schedules are used. An estimate of weld 
widths being 80% of electrode width is 
approximately correct. 

External Cooling 

In seam welding, either flood or im¬ 
mersion cooling is used. This is in ad¬ 
dition to the internal cooling of the arms 
and secondary circuit of the welding trans¬ 
former. Where no flood cooling is used 
on the work or the welding electrodes, 
excessive electrode maintenance and badly 
warped work are usually the result. In 
welding nonferrous materials and stainless 
steel, ordinary clean tap water is satis¬ 
factory. When welding the ordinary 
steels which are susceptible to rusting 
after becoming wet, a 5% borax solution 
is commonly used. This solution may 
be recirculated by a small motor and pump 
at each machine coupled with a small sub¬ 
tank of sufficient capacity to take care of 
the particular welding machine. Where 
a number of welding machines are located 
in close proximity to each other, it is 
usually economical to install a large tank 
and have the solution drained or pumped 
into this tank and have a common tank 
for the complete installation. Whether 
the single machine tank or the large tank 
is used, adequate water cooling coils 
should be inserted in the tank to keep the 
borax solution cool enough for satisfactory 
cooling of the electrodes and work. The 
lower the temperature of the borax solu¬ 
tion the more efficient the cooling to be 
expected from its application to the elec¬ 
trodes and work. The solution must not 
circulate through any internal piping of 
the machine cooling system, because 

plugging of these lines with borax can re¬ 
sult. 

PROJECTION WELDING 

Formation of Projections 

A projection may be embossed in a 
sheet of metal; it may be produced on a 
solid piece of metal by machining; or it 
may be produced on an edge in a punch 
press in several ways. The height may be 
anywhere from a few thousandths of an 
mch to V. in. or more, depending upon 
the job. 1 he purpose of projections is to 
localize the current and pressure at pre¬ 
determined points. In this modification of 
the spot welding process the concentration 
of the welding current is determined by 
’hr preparation of the work-pieces rather 


than by the size and shape of the elec¬ 
trodes. 

There are several advantages to be 
gained by the use of projections, namely: 

1. The achievement of satisfactory 
heat balance for welding difficult com¬ 
binations of metals and thicknesses. 

2. More uniform results in many 
applications. 

3. Increased output per machine be¬ 
cause of making several welds simul¬ 
taneously. 

4. Longer electrode life. 

5. W elds may be spaced more closely 
together. 

6. Parts are more easily welded in 
an assembly fixture. 

7. Finished appearance is often im¬ 
proved. 

8. Parts may be projection welded 
that otherwise could not be spot welded. 

1. The major portion of the heat tends 
to develop in the part bearing the pro¬ 
jections during the welding operation, 
for this reason the projections should be 
produced on the heavier of two pieces of 
the same metal or, it possible, on the piece 
of higher conductivity if dissimilar metals 
are being joined. The reverse can, how¬ 
ever, be used under some conditions. 

2. Because uniform projections may be 
readily obtained on a punch press, several 
variables such as contact area between 
the parts and electrode mushrooming arc 
avoided. Also, the surface condition of 
the parts does not seem to affect the welds 
as much as in spot welding. If a part 
requires several welds, they are made 
simultaneously, thus largely avoiding dif¬ 
ficulties due to shunted currents as in 
spot welding. Both the location and 
strength of the resulting welds are more 
certain. 

3. The only limits to the number of 
welds that can be made simultaneously 
are the ability to control pressure and 
current so that they arc divided equally 
among the different welds and the ca¬ 
pacity of the equipment. When several 
welds, from two to eight, are needed, they 
are usually made simultaneously. Proper 
division of pressure and current with pro¬ 
jections is necessary because the currents 
pass through parallel paths, and the paths 

of low est resistance carry the heaviest cur¬ 
rents. 

4. Frequently the areas to be joined 
are flat except for the projections. In 
such cases the electrodes are flat and large 
enough to contact a large area. In other 
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cases, when the surface to be contacted 
is irregular in shape, the electrode is fitted 
to the surface so that a high force may be 
applied without distorting the part, and 
the large current may be introduced with¬ 
out injuring the surface. Electrodes and 
dies having such large contact surfaces 
show less wear and hence require less 
attention or maintenance. 

5. If two spot welds are located too 
closely together, there may be difficulty 
due to current from the second weld being 
shunted through the preceding weld. 
Since the projection welds are made 
simultaneously, there is less trouble from 
this source, but if they are placed too 
closely together irregular forms may lead 
to poor distribution of current. Ability 
to equalize the distribution of pressure 
and current, and the available size of the 
machine limit the arrangement and spac¬ 
ing of projections. However, if more 
than three projections are welded simul¬ 
taneously, height of projections must be 
uniform within close limits, to avoid hav¬ 
ing some of the projections fused before 
others have made contact. The pulsation 
welding technique is useful in this case. 

6. When parts are located by an as¬ 
sembly fixture, the fixture and work have 
to be moved in a conventional spot-weld¬ 
ing machine to make successive welds. 
Then, frequently, additional spot welds 
have to be made after the fixture is re¬ 
moved from the parts. When using pro¬ 
jections, the fixture may be mounted 
solidly on the machine. The parts are 
simply placed in the nest and with one 
operation of the machine all the welds 
are made at once. One part may be lo¬ 
cated in relation to the other by punching 
holes in one and semi-punchings in the 
other to match. The projections can usu¬ 
ally be embossed or forged in the same 
operation. 

7. Often when small parts, such as 
brackets or handles, are to be welded to 
large pieces, they are hard to locate in 
a spot-welding machine, resulting in mis¬ 
placed spots and perhaps extruded metal. 
In such cases neat embossings would be 
less unsightly and a fitted electrode would 
not mark the exposed surface. Thus, 
projection welding results in better con¬ 
trol of the finished appearance. 

8. Thoughtful design with ingenious 
preparation of metal parts can make the 
use of resistance welding practical with 
its savings in quantity production of parts 


for which it was previously considered 
unsuitable. For instance, in handling 
heavy steel stampings, or forgings, when 
spot welding is out of the question, the 
welding pressure and current can be local¬ 
ized by projections, either swaged, forged 
or coined. 

Applications of Projection Welding 

As in the press working of metals, the 
application of projection welding is limited 
only by the ingenuity of the designer. 
1 he principal uses of projection welding 
are those in which punched, stamped or 
formed parts are assembled, the emboss¬ 
ments being formed during the stamping 
operation. The projection is usually 
circular in shape, but may be of almost 
any consistent design. The circular shape, 
however, has advantages, both in welding 
and also in the simplicity of punch and 
die design. 

Projection welding is also applicable 
to the use of screw machine parts, the 
projection being turned on the screw ma¬ 
chine part by means of a forming tool. 
This part may be used in connection with 
a stamping or a flat or formed sheet, in 
order to obtain the assembled piece. 

Cross-wire welding, which is used ex¬ 
tensively in making wire mesh and other 
forms of wire products, is a form of pro¬ 
jection welding and the general factors 
which affect projection welding also ap¬ 
ply to cross-wire welding. In addition 
there are specialized applications of pro¬ 
jection welding, such as welding bolts and 
nuts, which may be obtained with pro¬ 
jections cold forged in place. 

The methods of preparation which make 
projection welding possible are frequently 
specialized to suit particular conditions, 
so that only general directions can be in¬ 
dicated. Annular or ring projections are 
frequently used on screw machine parts 
and for applications which require a pres¬ 
sure-tight joint around a hole between two 
parts. Such preparation also gives high 
strength when a large stud or boss is 
to be applied to thin sheet material. In 
some applications it is preferable to form 
a ring type projection in the sheet, as 
shown in Fig. 24. 

The round head of a screw, without 
the slot, is a good preparation for pro¬ 
jection welding. The shoulder under the 
head is an advantage because it affords 
a bearing surface for the electrode to in¬ 
troduce the current near the welding point. 
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24.—Ring-Type Embossment for Pro¬ 
jection Welding 

H there is no such shoulder on the stud 
near the weld, the stud should be placed 
in a hollow electrode that fits it closely 
and comes as close to the end as practical. 
If the current must travel through more 
than four times the diameter of the stud, 
there is danger that the stud will become 
overheated and collapse before the weld is 
completed. 



Z.4 to /Jga. 



/2 to S?a. 

25.—Satisfactory Forma of 
Projections 

Size and Shape of Projections 

Experience has indicated that projec¬ 
tions of the form shown in Fig. 25 are 
satisfactory for most work in flat or ir¬ 
regular stampings. Instead of being 
round, projections may be oblong, square, 
°val or any shape which may be con¬ 
veniently made. With a carefully de¬ 
signed projection, the weld grows from 
the center outward and, to obtain a uni- 
onn growth, the round projection is 
theoretically desirable. 

hen projections are made on formed 
pieces which are circular, or not flat where 
the projection contacts the piece, it may 


be desirable to elongate a projection to 
make certain that proper contact is ob¬ 
tained. Such a design of projection for 
curved pieces is shown in Fig. 26. It 
is always desirable to start with a point 
or line of contact from which the weld 
may grow rather than to attempt to con¬ 
tact a plane surface against another plane 
surface. I his latter usually results in 
point contact and this contact may be at 
some point which would not permit ob¬ 
taining a complete weld. 



Fig ^6.——Elongated Projections 
for Welding Curved Pieces 


i he diameter of a circular projection 
weld may be 17* times the diameter of 
the original projection. Such projections 
should be domed rather than pointed. 

A prick-punch may be used to produce 
smaller annular projections, the rim pro¬ 
duced around the punch mark serving as 
a suitable projection for the welding of 
very thin metal to a heavier piece which 
carries the punch marks. 

Figure 27 illustrates a screw machine 



CORRECT PROJECTION 



INCORRECT PROJECTION 

Fig. 27.—Projection for Screw Machine 
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product. If located on the very edge, the 
ring will squeeze out, leaving a poor weld. 
Annular projections may have either 
rounded tops or sharp 90-deg. edges (45 
deg. each way). The latter design is 
frequently used on screw machine parts 
which are applied to sheet stock. The 
rounded top gives a better heat balance 
when applied to heavier parts, and is used 
when an annular projection is formed in 
sheet parts to be joined around a hole. 

Although studs may be applied with 
annular projections as already described, 
domes are more often used. The dome 
may be on the end of the stud, or formed 
on the other piece at the right point. 
When on the end of the stud, the end is 
usually formed as a section of a sphere. 
A radius of l l / 2 in. has served very satis¬ 
factorily on a wide range of stud sizes. 
Samples of such parts are shown in Fig. 
28. Some authorities recommend that the 
radius of the head equal T/ 2 times the 
diameter of the stud. Assuming no head 
on the stud, a weld cannot be made equal 
to the cross-sectional area without some 
material being squeezed or splashed out¬ 
side this diameter. 



Fig. 28.—Typical Screw and Stud Parts Suit¬ 
able for Projection Welding 


Another advantage of the larger diame¬ 
ter head is that it allows an electrode¬ 
contacting surface, jand also covers up 
any extruded metal, while facilitating a 
good weld for the full area of the stud. 
Another way to provide for the extruded 
metal from a smaller weld when the end 
of the stud is to fit down squarely and 
tightly to the surface, is to provide a 
groove around the projection to receive 
the excess metal. 

Crossed wires make an almost ideal 
welding condition. Thin sheets of metal 
may be satisfactorily projection welded 
together by the use of ridges formed in 


the sheets. The ridges on one sheet will 
be parallel, but the sheet parts are brought 
together so that the ridges cross each 
other as in cross-wire welding. Single 
ridges may be used for a single weld or 
many may be used to form a mesh. This 
method has been used to weld handles to 
cans. 

A projection in sheet material should 
meet the following requirements: 

1. It should be stiff enough to sup¬ 
port the initial force before the current 
is applied. 

2. It should have sufficient mass to 
raise a spot in the plane surface to 
welding temperature. If too small it 
will collapse before the other surface 
is heated. 

3. It should collapse without splash¬ 
ing between the sheets. Surfaces should 
be in intimate contact after welding. 

4. It should not be partially sheared. 
Such projections may be weak and 
easily torn out. 

5. It should be easy to form, and 
the punch and die should require little 
maintenance. 

6. It should cause little other dis¬ 
tortion of the part during forming. 

When parts which span an appreciable 
portion of a curved surface are assembled 
the tendency is for the projections to slide 
slightly around the curved surface as 
they are pushed down. To avoid finish¬ 
ing with cold metal against hot metal 
at the end of the weld period, the projec¬ 
tions for such applications are elongated 
as shown in Fig. 26. When parts are 
made in a punch press, such projections 
can be added for welding at slight ad¬ 
ditional expense. 

A common type of preparation when a 
nut or bushing is to be welded over a hole 
is illustrated in Fig. 29. A pilot portion 
enters the hole to make the part self- 
locating, then a 45-deg. bevel meets the 
edge of the hole to form the weld. 

Many types of studs and nuts are avail¬ 
able on the market prepared ready for 
projection welding with different details. 
Examples are shown in Fig. 30. To wel 
a countersunk screw head into sheet ma¬ 
terial, four flutes or bosses are formed 
on the contacting surface of the head as 
shown in the top of Fig. 30, the s ee 

being punched to form a countersun 

contacting surface. , 

Elongated projections may be used tor 
welding box corners together. hucn 
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Fig. 29. Preparation of Parts for Projection Welding Nut or Bushing to Sheet 


elongations are embossed at right angles 
to the edge to be joined and extended to 
this edge. The result in this case is like 
welding wire sides to the edge of a sheet. 
An alternative method is to leave the 
sheets flat and in shearing the abutting 
part leave similarly shaped projections on 
the edge. These methods are also used to 

weld parts on edge to the center of sheet 
parts. 

1 he side of a round rod is easily welded 
to a flat surface for a limited distance. 
A short piece of rod may be welded to 
a flat surface to serve as a stop. Part 
of the length of a stud may be welded to 
the edge of a tank and used for support 
or to hold a cover in place. Likewise, 
two flat pieces of bar stock may be welded 
simultaneously to the opposite sides of the 
end of a rod to form a clevis. 


Welding Schedules 

Welding Current -The current re¬ 

quired for projection welding per weld is 
slightly less than that required for spot 
welding. 

If an annular weld is to be made, or 
several individual projections are to be 
welded simultaneously, more uniform 
heating results when more current is 
applied for a shorter time than when a 
longer time is used with less current. 
The maximum current which does not 
cause excessive splashing in conjunction 
with the proper pressure is recommended. 
The AWS Recommended Practices for 
Projection Welding are shown in Tables 
10 to 13. 

Time .—The timing of the current in 


WELD BOLTS 



WELD PINS 




WELD NUTS AND PADS 






Fig. 30 —Parta Available with Welding Projections 
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projection welding is not so critical as 
the pressure, provided that the time is 
sufficient for the amount of current used. 
As the projection collapses the contact 
area increases, thus reducing the current 
density. When the projections have 
completely collapsed, the parts are in 
contact over too large an area to permit 
further welding. If large flat electrodes 
are used, the current density can result 
only in general heating of the work, 
transformer and secondary circuit. A 
shorter time results in higher efficiency, 
less discoloration and, perhaps, less dis¬ 
tortion of the work. After the proper 
pressure is applied and current deter¬ 
mined, the time should be adjusted to 
make the desired weld. 

One of the advantages of pulsation 
welding is its tendency to prevent the 
splashing or spitting of metal, and this 
is especially true in multiple projection 
welding. Using the pulsation method a 
high current value can be used to get 
a good heat distribution, but its flow is 
interrupted before the points of the pro¬ 
jections are blown off. 

Frequently on such jobs, part of the 
projections will become heated ahead 
of the others. Pulsation welding allows 
the parts to seat themselves better after 
the first impulse of power, and otherwise 
to help set several projections down 
more uniformly together. Even with 
single projections, or in welding studs, 
a higher current intermittently flowing 
frequently produces better results. 

For small studs and light sheet material, 
the timer is set for one cycle on and one 
cvcle off and several impulses are used. 
For large studs, ’Ao-in. stock and annular 
machined projections Vie-in. high. 2 cycles 
on and 2 cycles off is a common setting 
with several pulsations. With material 
Vs to Vm-in. thick, 5 cycles on with 3 
cycles off and about 8 impulses have been 
used to advantage. 

Force .—The pressures used in projec¬ 
tion welding depend not only upon the 
material and size of projection, but also 
upon the design of projection and perhaps 
even upon the machine used. Whether 
the projection is embossed in a sheet 
or machined on solid steel, too great a 
pressure will cause the projection to 
collapse or spread out before welding heat 
is obtained. 

On the other hand, best results require 
appreciable pressure, and for the best 


appearance embossed sheet material should 
be flattened out after the welding tem¬ 
perature is developed. It is thus apparent 
that pressure is a critical factor in the 
welding technique for a particular pro¬ 
jection, and therefore should be set first. 

If the projection is high, requiring 
much travel to push it down, a machine 
having heavy moving parts should be 
avoided, as the projection may melt and 
blow out before the machine can follow 
up to push it down. Quick action is 
needed and high inertia is a handicap 

that cannot be overcome by force in this 
case. 

Electrodes .—For projection welding, 
the assembly fixtures usually become a 
part of the welding dies and machine. 
It is possible, with the proper fixtures, 
to attain accuracy with projection weld- 
ing equal to that of any other assembly 
process. 

The welding fixtures should meet the 
following requirements : 


1. Accurate positioning of the parts. 

2. Rapid loading and unloading. A 
jet of air will remove small parts, or 
a lever may be used to kick out heavier 
parts or the top electrode may pick up 
the part. 

3. There must be no alternative 
path for the electric current. Elec¬ 
trical insulation must be used to insure 
that all the current goes through the 
welds. 


4. For alternating current welding 
all magnetic iron and steel should be 
eliminated from the fixtures, as it re¬ 
duces the electrical capacity of the ma¬ 
chine and is apt to get hot when near 
the secondary loop. 

5. The parts which bolt onto the 
top and bottom arms of the machine 
must register accurately like punch 
press tools. 

6. Fixture parts which must he 
handled should be as light as possible. 
Aluminum is frequentlv used. 

7. The safety of the operator F of 
vital importance. 


The arrangements for weldimr three 
common tvnes of nuts are shown in Figs. 

31. 32 and 33. 

When the smaller part can be nlaced 
in the bottom of the assembly fixture 
with the larger part on top. it F a 
simple matter to hold the smaller nart 
in a recessed lower electrode. When it 
is desired to locate a small part on top 
of a larger part, it becomes more of a 
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ELECTRODE 


problem. Sometimes the small piece can 
be located and held by a removable device 
while a flat upper electrode makes the 
weld. Parts that nest into the upper 
electrode may be held by spring clips 
assembled either on the outside or interior 
of the electrode. That is, a ball or plunger 
pressing against one side of the part and 
backed up by a spring, all assembled in 
a drilled hole through the side of the 
electrode, is sufficient to hold small parts 
(see Fig. 33). Vacuum is also used to 
hold small parts in the upper electrode. 

I he harder electrode materials are us¬ 
ually used for the construction of pro¬ 
jection welding dies. Dies for large 
production or really severe requirements 
often have inserts of RWMA Group 
H material at the points of greatest stress. 
At other times it is cheaper and satis¬ 
factory to make the whole electrode of 
one piece of RWMA Group A. Class 3 
material. 

Heat Balance 

I his problem may become complicated 
in projection welding. It is possible 
*° me lt the projection away from one 
piece without bringing the mating sur¬ 


face to welding heat thus resulting in no 
weld being formed. The factors affecting 
the heat balance are : 

1. Design of the projection. 

2. Thickness of the parts. 

3. Die material backing up the weld. 

4. Conductivity of the metals being 
welded.- 

5. Rate of beating. 

An undesirable condition exists when 
a massive steel part is projection welded 
to thin sheet steel. A projection in the 
thin sheet would not heat a spot in the 
massive part sufficiently, and the usual 
water-cooled, copper electrode will re¬ 
tard the thin sheet from heating if the 
projection is on the heavy piece. This 
condition is alleviated by using one of 
the hard electrode materials of low elec¬ 
trical conductivity to back up the sheet 
material. 

When two different metals are to be 
projection welded together, the projec¬ 
tion should be formed on the material of 
higher electrical conductivity, other things 
being equal. Higher electrical conduc¬ 
tivity also means higher beat conductivity, 
therefore the speed of heating becomes a 
factor. 
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IT IS NECESSARY TO RECESS THE UPPER & LOWER ELECTROoTT-AS 
SHOWN ONLY IF THE “B" DIMENSION IS LESU THAN "a" OR ,094 u 


F ig. 32.—-U■# of Eltctrodti 
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3 he important principle is that the 
two mating surfaces must be brought to 
the welding temperature at the same 
time. Sometimes it is advantageous to 
put projections on both parts located 
so that projection meets projection. In 
special cases where there is a question 
about which piece should carry the pro¬ 
jections, it may be advisable to make 
samples and try all three ways. 


Spot, seam and projection welding in¬ 
volve the localized heating of a metal 
to its melting point under the pressure of 
shaped electrodes. During the making of 
the weld its volume is surrounded by 
unheated metal. The metal at the in¬ 
terfaces, being at the highest temperature, 
has the lowest strength. The tendency 
of the exterior work parts to bend around 
the impressing electrodes is always pres- 
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Fig. 33.—Methods of Accurate Location of Projection Welds 

Between Bolts and Sheet 


Not all metals can be projection welded. 
The metal must be strong enough to 
support the projection. Some brasses 
do not lend themselves to this welding 
process, as the projections collapse too 
rapidly under pressure. Copper is con¬ 
sidered unweldable by this process. Alu¬ 
minum has been welded to a limited 
extent, the best results having been ob¬ 
tained with extruded parts. Coated stock, 
such as galvanized iron, terne plate and 
tin plate, is being successfully welded. 
It is also possible, in some cases, to 
weld dissimilar metals, such as steel 
to brass and steel to bronze. These latter 
materials require more current and shorter 
time for successful welding than are re¬ 
quired for steel. Thin steel sheets are 
more readily spot welded than projection 
welded, due to difficulty of maintaining 
exact and small projections in this ma¬ 
terial. 

EFFECT OF PROCESSES ON 

MATERIALS 

Physical and Metallurgical 

Warpage, Shrinkage and Distortion .— 


ent, and for soft metals under excessively 
high electrode pressure even the cold 
metal is deformed prior to the application 
of the welding or preheating currents. 
The tendency to deform is greater with 
heated metal. Steeply faced electrodes 
and higher forces both tend to increase 
distortion. 

Several factors besides the actual weld¬ 
ing setup affect the appearance and quality 
of the finished product. In seam welding, 
more than in any other resistance-weld¬ 
ing process, warpage must be prevented 
as far as possible. It is impossible to 
give specific universal cures for warpage, 
but an understanding of the causes will 
enable the designer and operator to re¬ 
duce it to a minimum. In general, warpage 
is caused by the non-uniform contraction 
of the cooling metal which is surrounded 
by unheated metal. The unheated metal 
tends to retain its original dimensions; the 
heated metal cools to dimensions less 
than the original. This induces differ¬ 
ential stresses which cause or tend to 
cause movement. When many seams are 
used on a single assembly, the welds can 
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sometimes be staggered so that the war- 
page from one seam will offset that from 
another. For instance, when welding 
the bottom of a rectangular box, the welds 
should not be made in continuous rotation 
but on one side, then on the opposite. 
When several parallel seams are made 
as in evaporators or condensers, simul¬ 
taneous welding of all seams on special 
machines will usually reduce the warpage 
to a negligible amount. Sometimes, on 
long seams, it is necessary to resort to 
skip welds, that is, weld a short length, 
skip a portion of the seam, weld another 
short length, skip again, etc., then in a 
second pass over the seam complete the 
unwelded portions. Peening of spot, 
seam and projection welds in long flat 
sheets will also relieve warpage. 

The most effective means of eliminating 
warpage in seam welding is the use of 
flood cooling. Most common practice 
is to use a jet of cooling water immedi¬ 
ately before and after the weld on both 
sides; four jets in all. Each jet should 
be regulated by an individual valve and 
come from a nozzle of copper tubing 
about a/ i«-in. diam., impinging on the work 
just as closely as possible to the weld. 
The weld line is hot for some distance 
from contact with the electrodes. The 
length of this tail depends upon stock 
thickness, speed of operation anrl other 
factors. The jets should be adjusted to 
keep this tail as short as possible because 
this determines to a large extent the 
amount of warpage. 

Residual Stresses .—Stresses of unde¬ 
termined magnitudes result from cooling 
of the welds. These stresses result from 
differential heating and cooling and are 
of sufficient magnitude to contribute to 
distortion of the structure. They may be 
compensated for by arranging the order 
of welding in continuous symmetry about 
the center of the parts. Low tempera¬ 
ture stress-relief and peening may be 
desirable in special cases to relieve resid¬ 
ual stresses. Jigging the parts under 
stress prior to welding tends to reduce 
the final stresses. A more complete dis¬ 
cussion of shrinkage and distortion will 
be found in Chapter 43. 

Metallurgical Effects .—The rate of 
quenching spot welds is extremely rapid 
in the thinner members where the liquid- 
cooled electrodes are nearest to the weld 
center, and the total quantity of heat is 
a minimum due to the short welding 


times and small weld volumes used. As 
longer times are employed on thicker mem¬ 
bers more heat is dissipated into the sur¬ 
rounding metal and since the quenching 
potential of the electrodes is also at a 
minimum, the cooling rates for these con¬ 
ditions are a minimum. In short time 
projection welds, severe solid metal 
quenching is obtained, and such techniques 
may be employed in thicker members. 
Quench rates for spot, seam and pro¬ 
jection welds under some conditions may 
be so severe that even for low-carbon 
steels the fully hardened condition is 
achieved. It is for this reason that the 
Recommended Practices limit the carbon 
content of plain carbon steels to 0.15% 
max., unless special techniques are em¬ 
ployed. The metallurgical result in re¬ 
sistance welding is the same as if the 
base metal were heated to or above the 
melting point for a short time and 
quenched under pressure at a correspond¬ 
ing rate. Although the quenching rate 
may vary, depending upon the welding con¬ 
ditions employed, its effect on the micro- 
structure of the alloy is equivalent to the 
most drastic quenching methods employed 
in modern heat-treating practice. 

Welds in low-carbon steel withstand 
the rapid quench without embrittlement 
only because the carbon content is below 
that required to produce a brittle struc¬ 
ture. Aluminum alloys, copper alloys and 
magnesium alloys are not quench harden- 
able, since quenching retains the alloying 
elements in solid solution. Hardening 
is achieved by a heat treatment that pro¬ 
duces precipitation of the alloying element 
in a compound form. Stainless steels are 
not quench hardenable or precipitation 
hardenable, but derive their higher me¬ 
chanical properties from cold working. 
Accordingly, heat-treating welding tech¬ 
niques reduce the mechanical properties of 
these metals in the weld area. 

For the higher carbon and quench- 
sensitive alloy steels, special quench and 
temper techniques have been developed 
which improve the ductility and tough¬ 
ness of the welds without the need for 
subsequent furnace heat treatment. These 
welding procedures involve making of 
the weld and allowing it to quench under 
pressure. Enough time under pressure 
is allowed to permit transformation of 
the metal constituents into martensite and 
then a lower level current is applied, the 
function of which is to reheat the marten- 
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site to its tempering temperature. The 
weld may then be rapidly cooled. Tem¬ 
pered martensite is known to be one of 
the toughest structures. Tempering in the 
welding machine does not allow enough 
time to develop a fully tempered structure, 
since the tempering of martensite is a 
time-temperature process wherein the 
time required is much longer than the 
time required for welding. Tempering 
in the machine is applicable where the 
initial quench rate is sufficiently rapid 
to cool the metal faster than the critical 
rate, thus assuring the formation of the 
martensite. It is therefore most readily 
applicable to thinner spot-welded sheets 
and to projection welds on heavy members. 

With sequencing controls it is possible 
to work out various combinations of pre¬ 
heating, welding and post-heating techni¬ 
ques for use in welding special metals or 
combinations of metals to produce desir¬ 
able microstructures. 

Surface Appearance. —Surfaces of spot 
and seam welded parts are always sub¬ 
ject to indentation and marking on at 
least one side. It is usually possible to 
make welds without such surface mark¬ 
ings on one side by using a flat electrode 
on that surface. Sometimes a concave 
electrode is employed for thin parts and 
the resultant raised surface is later ground 
flush. The use of improper machine set¬ 
tings and electrode dressing will result in 
welds as shown in Fig. 16. Electrode 
marking becomes pronounced after the 
parts are painted because of the structural 
change of the metal under pressure even 
though no surface distortion takes place. 

The surfaces of coated materials are 
partially destroyed during the welding 
operations. If corrosion is of prime im¬ 
portance it may be desirable that the 
parts be welded prior to coating. How¬ 
ever, some coatings do not require full 
coverage to give protection. 

Weld, Joint and Structure Quality 

High quality joints can be consistently 
produced using proper designs and weld¬ 
ing procedures. As for all welding proc¬ 
esses the properties obtained depend upon 
the specific metal being welded. It is 
essential that in spot welded joints the 
schedules be adjusted to compensate for 
current shunting losses through prior 
welds, or the design be adjusted to fit 
the particular schedule available. This 
is important for all materials, and is 
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particularly appropriate for those metals 
or combinations of metals, for which 
proved standard Recommended Practices 
are not available. 

Weld Diameters.— The average weld 
size recommended is three times the 
thickness of the thinnest outer piece, plus 
0.06 inch. The specific sizes vary for 
each metal. The weld sizes are derived 
trom a consideration of achieving the 
highest average unit shear stress at failure, 
without producing inconsistent welds. In 
projection welding the size varies to 
suit special conditions but in general the 
diameter of the final fused zone is main¬ 
tained the same as for spot welding. 

Weld Properties.— Structures employing 
spot and projection welds are usually 
designed so that the welds are loaded in 
shear when the welded parts are stressed 
in tension or compression. For the more 
commonly used metals, welded joints 
stressed in this manner will develop the 
tull tensile strength of a strip of the base 
metal for a width somewhat greater than 
that of the weld diameter. The ratio of 
that width to the weld diameter can be 
taken as a criterion of weld quality for a 
given material. 7'lie direct tensile strength 
of spot and projection welds is somewhat 
less than the strength in shear for ductile 
welds and very much less for non-heat- 
treated welds in hardenable materials. 
The variation in this ratio is so pro¬ 
nounced that the ratio of direct tension 
to tension-shear strength is commonly 
taken as a criterion of weld ductility. 
Untempered welds in hardenable but 
stronger metals may be weaker in direct 
tension than those in less strong ductile 
metals which are not as susceptible to 
quenching. The strength of welds in¬ 
creases with increased diameter although 
the average unit stress decreases. The 
second relationship is caused by the in¬ 
creasing tendency of failure to occur at 
the edge of the weld due to stress con¬ 
centrations, as weld size increases. This 
factor makes an expression of average 
unit shear strengths for spot, seam and 
projection welds in any material mean¬ 
ingless unless the weld size is specified. 

For example, in low-carbon steel the cal¬ 
culated average shear stress of good welds 
at rupture will vary from 10.000 to 60,000 
psi., the low values being obtained in thin 
sheets where relatively large welds are 
employed and the high values for relatively 
small welds. In both instances the actual 
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tensile stress in the material at the weld 
periphery is at or near the ultimate of the 
unwelded base metal. This factor tends 
to cause the shear strength of circular 
welds to vary linearly with diameter. 

Spot and projection welds are not strong 
in torsion where the rotational direction is 
in the plane of the welded part, and the 
weld diameter is small. This strength 
tends to vary with the cube of the di¬ 
ameter and larger welds are therefore 
much stronger in torque than small welds. 

Little torsional deformation is obtained 
from brittle welds prior to failure. Angu¬ 
lar displacements from 5 to 180 deg. are 
obtained when varying from extremely 
brittle to very ductile welds. This spread 
provides the basis for using torsion load¬ 
ing as a test method. 

All weld properties are dependent upon 
the prewelded temper or strength and the 
composition of the unwelded base metal. 
In all cases where the quenched metal re¬ 
sponds to temper treatment, the weld 
properties also respond in like manner, the 
improvement being of a high order in the 
case of such materials as high-carbon and 
alloy steels. 

Weld Penetration. —Penetration into the 
base metal is ordinarily permitted to vary 
from 20 to 80% of the thickness of tlie 
outer member. Full penetration is un¬ 
sightly and also denotes a condition which 
results in low electrode life. Too little 
penetration denotes inadequate heat or 
heat balance and inconsistent weld quality. 
Desirable and undesirable weld sections 
are shown in Chapter 42. 

Weld Symmetry. —Welds should pref¬ 
erably be symmetrical about the plane of 
the faying surfaces. 

Cracked Welds. —Cracked welds arc the 
result of overheating, improperly applied 
loading during welding, or the use of im¬ 
proper schedules on crack sensitive ma¬ 
terials. Quench cracks at the weld pe¬ 
riphery are particularly damaging since 
this is the zone of highest stress, whereas 
•those at the weld center usually have no 
significant effect upon the weld properties. 

Porous Welds. —Most commercially 
produced welds contain some center po¬ 
rosity, usually the result of overheating, 
inadequate pressures, the premature re¬ 
lease of an adequate pressure or too late 
application of an adequate forging pres¬ 
sure. Weld center porosity has no demon¬ 
strable influence upon weld properties 
since the applied stresses are concentrated 


near the periphery of the welds. It can 
be eliminated or reduced by using lower 
rates of heat build-up, lesser maximum 
temperatures and higher pressures. 

If eld Consistency. —The consistency of 
weld quality is determined by the uniform¬ 
ity of the thickness, material composition, 
surface conditions and temper of the ma¬ 
terials being welded; the consistency of 
the mechanical-electrical operations of the 
equipment; electrode maintenance ; and the 
choice of welding schedule. 

Since the weld properties are a function 
of the thickness, composition and temper 
of the metal being welded, the most per¬ 
fectly operative equipment cannot produce 
welds of a higher order of consistency 
than that of the metal furnished to the 
welding electrodes. Of the welding vari¬ 
ables, the magnitude of variation in sur¬ 
face conditions and secondary current 
are the most important as previously dis¬ 
cussed. As a practical matter variations 
m alternating current are serious because 
current tends to fluctuate with line volt¬ 
age variations, varying amounts of mag¬ 
netic materials in the throat of the weld¬ 
ing machine and variable shunting effects. 
However under proper control there is 
little difficulty in maintaining high shear 
strength consistencies. 

Surface Indentation. —Surface inden¬ 
tation may be held to negligible magni¬ 
tudes by the use of flat electrodes on the 
one side while the electrode impression 
on the opposite side of the joint may be 
held to 5 to 10% of the individual member 
thickness, as desired. Indentation is in¬ 
creased by the use of excessive heat, ex¬ 
cessive force and the use of steeply-faced 
electrodes. (See Chapter 42.) 

Surface Melting and Electrode Pickup.- 
Surface melting of the parts, exclusive 
of coatings, is the result of insufficient 
pressure or insufficient time with exces¬ 
sive current, or a combination* of both. 
The use of inadequate electrode cooling 
and inadequate squeeze and hold times 
also contribute to this difficulty. Elec¬ 
trode pickup is particularly pronounced 
when welding refractory metals in air 
with copper-alloy electrodes. 

Sheet Separation.— Excessive sheet sep¬ 
aration results from the same causes as 
surface indentation, to which it is related. 

A steeply tapered electrode applied under 
high pressures on the exterior of a sheet 
having a highly heated interface acts as 
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a male punch. It tends to depress the 
exterior of the sheet and raise the inter¬ 
face radially about the weld periphery. 

Interface Expulsion. —Expulsion is the 
result of overheating, particularly when 
combined with inadequate pressure or 
steeply-faced electrodes. It results in in¬ 
ternal cavitation and usually reduces weld 
strength. This tendency is so pronounced 
that it is a general operating rule to apply 
such a current that expulsion is just 
avoided. Experience indicates that the 
resultant weld will then have maximum 
shear strength for the force-time-electrode 
conditions used. 

Edge Distance. —Edge distance must be 
sufficiently great to provide adequate heat 
conduction between the weld periphery 
and the edge of the work-part and ade¬ 
quate strength to resist the lateral forces 
of deformation. Values required vary 
with the material, weld size, sheet thick¬ 
ness and schedule used. Appropriate 
values for different metals, measured from 
the weld center, may be derived from the 
Recommended Practices. Fig. 34 shows 
the results of proper and improper edge 
distance. 


are required it is more economical to 
provide a minimum number of welds. 

The use of a single row of welds re¬ 
sults in more angular deflection of the 
joint, under high loading. This causes 
a higher direct tensile component to be 
applied to the weld edges, thus further 
tending to reduce their strength. Multiple 
rows of welds reduce their deflection tend¬ 
ency and permit wider weld spacings with 
reduced shunting, but require a greater 
overlapping of material. 

Spaced, Tangent, Overlapped and Seam- 
Welded Joints .—For those metals in which 
a spot or projection weld loaded in shear 
will develop the full strength of a strip 
having a width greater than the weld di¬ 
ameter, it is obviously not necessary to 
space the welds closer together than the 
developed strength ratio in order to pro¬ 
vide a joint of the full base metal strength. 
Closer spacings are required only when 
seam tightness is required. Since closer 
weld spacing contributes to current shunt¬ 
ing losses it should never be held closer 
than necessary to provide the required 
total joint strength. 






Fig. 34.-—Effect of Insufficient Edge Distance 


Contacting Overlap .—The contacting 
* overlap cannot be less than twice the mini¬ 
mum required edge distance, measured 
from the center of the weld. Values for 
different metals are given in the Recom¬ 
mended Practices. 

Electrode Clearance. —Sufficient clear¬ 
ance must always be provided to permit 
entry of the electrodes. Values for this 
dimension are considered in the Recom¬ 
mended Practices in specifying the given 
values for contacting overlap. See Fig. 
35 for illustrations of proper and improper 
electrode clearance. 

Joint Properties. —Properly designed 
and welded joints can be furnished in 
some cases to develop the full tensile 
strength of the unwelded base metal when 
so desired. When joints of lesser strength 


QUALITY CONTROL 

Quality cannot be directly inspected or 
tested into the final product. Control of 
weld quality is maintained only by precon¬ 
trol of the factors which tend to produce 
variations in the final product, including 
design; material thickness, composition, 
temper and surface conditions; welding 
factors as electrode size, shape, cooling 
conditions, and rate of approach; imposed 
pressures; secondary current; squeeze, 
current and hold times; fit-up of parts; 
and selection of welding methods and 
schedules which have the lowest reactions 
to known variations. 

Controlling the flow of materials to 
the welding machines is an individual 
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problem, and the means for doing this 
are outside of, but pertinent to, welding. 

Eletrode Maintenance .—Maintenance 
of electrodes is necessary for the produc¬ 
tion of strong, consistent welds. Allow¬ 
ing electrode deterioration to proceed until 
welds become unsatisfactory is poor and 
non-permissible practice. Abnormal in¬ 
creases in the size of contact area should 
be regarded as a danger signal to weld 
strength and quality. If a 7 4 -in. diam. 
electrode face is allowed to increase to 
Via in. by mushrooming, the contact area 
is increased 50%, with a corresponding 
decrease in current and pressure densi¬ 
ties. Depending somewhat upon the 
schedule being employed, the result may 
be weak welds or defective welds. A 
danger sign is the production of poorly 
shaped spots, which may be caused by: 


chines) than on non-positioned work 
(welding guns). 

The success of projection welding op¬ 
erations in production depends largely 
on three factors as far as electrodes are 
concerned: 

(a) Proper selection of materials. 

(b) Proper installation. 

( c ) Proper maintenance. 

Assuming that the dies are of correct 
design and construction, the installation 
is next in importance. First, the platens 
of the machine should be carefully checked 
to make sure that they are level and at 
right angles to the motion of the ram. 
The platens must also be smooth and 
clean; free from dirt, nicks, pit marks, 
etc. If these conditions are not met the 
platens should be removed and machined 




Fig.f3S.—Proper and Improper Electrode Clearance 


(a) Non-circular outline of tip face. 

( b ) Use of too large a flat face on 
the tip. 

. ( c ) Use of flat tip with blunt and 
irregular edge. 

( d) Concavity or convexity of the 
tip. 

(e) Failure to maintain tips paral¬ 
lel to the work. 

(/) Misalignment of electrodes. 

Correct alignment is relatively easy to 
maintain when stationary welding ma¬ 
chines are used, but with gun-type ma¬ 
chines lack of alignment is common, and 
will be more or less serious depending on 
the ease of manipulating the equipment 
for the particular application. Therefore 
it is to be expected that the same elec¬ 
trode will have longer life between dress¬ 
ings on positioned work (stationary ma¬ 


in-tore any attempt is made to install the 
dies. The check for parallelism of the 
platens should be made under normal op¬ 
erating forces. This can best be done 
by inserting a steel block with known 
smooth and parallel faces between the 
platens and checking with feelers. An¬ 
other good check is to place tissue paper 
under the corners, then feel for looseness. 
Prussian blue may be placed on the block 
to register on the paper. However, never 
allow Prussian blue to get on the platens, 

as it is difficult to remove and can start 
corrosion of the platens. 

Next, check the base of the die blocks. 

I hey must be clean, smooth, level and 
free from burrs and nicks. If not, a ma¬ 
chine cut should be taken. Silver plating 
of contact surfaces is often desirable since 
silver oxide is an electrical conductor. 
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The dies can now he installed in the 
machine. Most machines have tee slots 
in the two platens cut at right angles to 
one another to permit universal align¬ 
ment of the dies. When they are properly 
lined up they should be bolted down se¬ 
curely. With the work in place, the ram 
or knee, whichever is adjustable, should 
be adjusted for the proper stroke, making 
the necessary allowance for upset of the 
proj ections. 

If the faces of the projections are all 
in one plane, and if they have been checked 
for uniform height, it now can be assumed 
that the setup is ready for trial welds. 
If the trial indicates nonuniformity of cur¬ 
rent or pressure, before attempting to 
correct the dies make sure that the trouble 
does not lie elsewhere such as in shunt¬ 
ing of current through locators, unequal 
distribution of current caused by some 
projections being considerably closer to 
the transformer than others, too much play 
in the welding head or too much deflection 
in the knee. 

The use of shims between die com¬ 
ponents or between dies and platens is 
to be avoided as much as possible. When 
shims are used they must be only of clean, 
high-grade soft copper sheet and with suf¬ 
ficient area to carry the secondarv cur¬ 
rent. 

If the projections are located on curved 
or angle surfaces, accurate templates 
should be provided for checking the dies, 
keeping in mind that the final proof of the 
setup is the actual weld. Also, when weld¬ 
ing curved surfaces, or two or more pieces 
to other parts, difficulties may be en¬ 
countered on account of the manufactur¬ 
ing tolerances of the metal thicknesses 
involved. There is no cure for this con¬ 
dition except to provide for it in the 

design of the parts and arrangement of 
projections. 

Dies can usually be reworked readily 
in the machine without disturbing the 
setup if the reworking is of a minor 
nature. 

Welding Variables .—Eor a given uni¬ 
form material fed to a suitable machine 
operating under a recommended schedule 
the matter of producing good welds con¬ 
sistently becomes a routine matter. Uni¬ 
form production welding is therefore the 
problem of assuring that essentially con¬ 
stant conditions are provided. When the 
electrodes are maintained as to size, and 
the force, time and current delivered to 


the weld zone are also maintained constant 
there is no possibility of single weld 
quality variations. Since, as a practical 
matter, it is impossible to achieve absolute 
uniformity in production schedules they 
always should be set up to allow for some 
variations without causing significant 
variations in weld properties. 

Electrode force is usually checked from 
air or hydraulic pressure vs. force calibra¬ 
tion curves, but facilities should be avail¬ 
able to check the actual force as required. 
In general, only static forces are measured. 

I’roper maintenance and lubrication of 
moving parts help to assure uniformity 
of dynamically applied forces. Periodic 
checking of electrode contour and shape, 
followed by lathe dressing as required 
assures the application of uniform pres¬ 
sures and current densities. Delivery of 
constant currents to the weld interfaces 
can be assured by the use of current or 
voltage regulators, maintenance of proper 
line voltage, fit-up of parts, proper spacing 
of welds and by adjusting for magnetic 
materials introduced into the secondary 
loop of the machine. 

Sampling Methods .—A method of sam¬ 
pling employed under some specifications 
is to provide test welds at the beginning 
of welding each part and at the beginning 
of each subsequent hour of work and for 
each shift and electrode change. Usually 
the tension-shear test is the only test made 
at these intervals. In some instances 
macroetching is employed to provide a 
check on weld diameter, penetration and 
symmetry. 

7 esting Methods .—Details of the ac¬ 
cepted methods of testing are described 
fully in Chapter 42. 

COMMON APPLICATIONS 
Metals 

Most metals and their alloys can be 
welded to themselves and often to each 
other by spot, seam and projection weld¬ 
ing. Electrical and thermal conductivities 
generally go together and for high conduc¬ 
tivity metals, as copper and silver, even 
with high currents, little heat is generated 
and much of this is rapidly dissipated into 
the surrounding metal. For these metals 
therefore short welding times must be 
employed; the heat energy must be rapidly 
applied. This means the use of high cur¬ 
rents. The total heat energy required 
to reach the melting point is a function of 
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the product of the specific heat, the melt¬ 
ing temperature and the density of the 
metal. 

For hard metals, such as cold-rolled, 
stainless steels, high pressures may be 
employed and soft metals, such as lead, 
require the use of low pressures. Also 
for the softer metals larger radii, domed 
electrodes or smaller face angles on the 
electrodes are required to prevent pierc¬ 
ing of the molten pool. 

The final weld properties are inde¬ 
pendently determined by the character¬ 
istics of the metals being welded or by the 
resultant alloy combination formed. 

Alternating current is most widely em¬ 
ployed for ferrous metals and direct cur¬ 
rent for nonferrous metals but either may 
be welded with either type of current. 

More detailed descriptions of welding 
process data for each type of metal are 
given in the appropriate chapters. 

Iron .—Commercially pure or ingot 
iron results in very ductile welds which 
have somewhat lesser strengths than steel 
due to the lesser strength of the base 
metal and to a lesser hardening of the 
weld ingots. See Chapter 27. 

Steel .—Plain low-carbon steels, up to 
about 0.15% carbon content, are readily 
and widely welded. For higher carbon 
contents, the use of special welding tech¬ 
niques involving in the machine heat treat¬ 
ments are recommended. More complete 
data are given in Chapter 27. 

Low-alloy steels may be spot welded 
with or without the use of special heat- 
treating techniques, depending upon the 
physical properties desired. More com¬ 
plete details are given in Chapter 29. 

Austenitic steels are non-hardenable and 
the severe quench involved is not det¬ 
rimental for these compositions. They 
are therefore readily spot, seam and pro¬ 
jection welded. More complete descrip¬ 
tions of their welding characteristics are 
given in Chapter 31. 

Aluminum and Aluminum Alloys .—All 
of the commercial aluminum alloys which 
are produced in the form of sheet and ex¬ 
trusions may be welded provided the 
thicknesses involved are not too great. 
The provision of proper equipment for 
making the welds, the preparation of the 
surface of the material for welding and the 
use of correct machine settings are neces¬ 
sary for producing satisfactory welds. 

Aluminum and aluminum alloys have 
comparatively high thermal and electrical 


conductivity, and in order to make spot 
and seam welds, high values of welding 
current and relatively short welding times 
are necessary. A further factor which 
influences the choice of equipment for 
spot welding aluminum is the rapid soften¬ 
ing of the material at the welding tem¬ 
perature which necessitates a slight move¬ 
ment of the welding electrode into the ma¬ 
terial being welded. While this move¬ 
ment is small it must take place in a very 
short time, perhaps 0.002 to 0.005 sec., 
and as a consequence, considerable ac¬ 
celeration of the welding electrode as¬ 
sembly is necessary if contact is to be 
maintained between the welding electrode 
and the material welded. For this reason, 
the moving electrode system should pos¬ 
sess low inertia and should be so guided 
as to minimize friction. More specific de¬ 
tails are provided in Chapter 32. 

Magnesium Alloys .—Magnesium alloy 
sheet and extrusions are commonly spot 
welded, after properly cleaning the sur¬ 
faces. More information on the welding 
of these alloys is given in Chapter 33. 

Copper and Copper Alloys .—Copper is 
one of the most difficult of all metals to 
resistance weld because so little heat is 
developed and that heat is conducted 
away so rapidly. It is precisely this 
characteristic which has resulted in the 
widespread use of copper as an electrical 
current-carrying material. The introduc¬ 
tion of alloying elements increases the 
electrical resistance, decreases the thermal 
conductivity, reduces the melting point 
and increases the ease of welding. A more 
complete discussion of these alloys is 
given in Chapter 34. 

Zinc .—Zinc alloy die castings have been 
experimentally welded by the spot, seam 
and projection welding processes, using 
synchronous electronic controls. Spot 
welds of adequate strength and liquid- 

tight seam welds have been produced. 
See also Chapter 36. 

Lead and Lead Alloys .—Pure lead and 
the lead alloys can readily be welded. 
Large body diameter electrodes are 
recommended with about 2 deg. face 
tapers. This is necessary to prevent the 
electrodes from passing entirely through 
the almost strengthless molten weld zone. 
Welds in lead are highly ductile; those 
in some of the lead alloys are brittle as 
described in Chapter 36. 

Silver. Silver, having the highest elec¬ 
trical and thermal conductivities, is diffi- 
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cult to weld. It may be readily brazed. 

Nickel and Nickel Alloys.— Nickel and 
its alloys are readily spot, seam and pro¬ 
jection welded. Additional discussion of 
these alloys will be found in Chapter 35. 

Molybdenum. —Molybdenum can be 
welded with some difficulty. Best results 
are obtained by roughening the interfaces 
to form a multitude of small projections. 
The major difficulty is electrode mainte¬ 
nance. Copper alloys do not maintain 
their shape or contacting area and tend 
to deposit metal on the outer work sur¬ 
faces. To prevent this tendency the sheets 
are sometimes welded under water. The 
final welds are brittle. 

Tantalum and Tungsten. —Tantalum and 
tungsten may be welded in about the same 
manner as described for molybdenum. 

Coated Materials. —Electroplated steel 
has a lower total electrode-to-electrode re¬ 
sistance than ordinary surfaces of the same 
metal and correspondingly higher currents 
are required in the welding of these ma¬ 
terials. Terne plate, tin plate, galvanized 
(zinc) coated, aluminized and cadmium- 
plated steels are readily welded. Coatings 
are commonly damaged or destroyed in 
the welding process and therefore nickel 
and chromium plated steels are not ordi¬ 
narily welded, since these coatings are 
usually applied for appearance only. 

Dissimilar Combinations. —In general, 
any combination of metals which alloy 
together can be welded. The resultant 
properties, however, will also be deter¬ 
mined by the reaction of the resultant 
alloy. Each of the many possible com¬ 
binations must therefore be judged on its 
merits, while considering the requirements 
of the specific product. 

Products 

Resistance welding is a far more flex¬ 
ible method of joining metals and is ap¬ 
plicable to a greater range of sizes, shapes 
and materials than is generally appreci¬ 
ated. 

Typical resistance-welded products 

which have been in production for many 
years serve as a general index of the pos¬ 
sible uses of resistance welding. The 
following list gives some of the appli¬ 
cations which are found in several of the 
important metal fabricating industries: 


PROCESSES 

Aircraft. —Fuselage, landing gear, 
mounts, guards, exhaust rings, wing as¬ 
semblies, tail assemblies, wheels; more 
complete details are given in Chapter 55. 

Automotive Products. —Bodies, cabs, 
frames, seats, brackets, levers, pans, 
wheels, housings, supports, shock ab¬ 
sorbers, mufflers, rims, ignition parts, 
grease guns; in fact the modern automo¬ 
bile is essentially a resistance-welded 
structure made up of thousands of indi¬ 
vidual welds. More complete details are 
given in Chapter 54. 

Building Construction. —Trusses, parti¬ 
tions, moldings, sash, gutters and drains, 

ornamental iron work, signs. See Chapter 
47. 

Communications Equipment. —- T e 1 e- 
phone and telegraph equipment, magnets, 
jacks, instruments, switchboard parts, coin 
boxes. 

Domestic Goods. —Furniture, sewing 
machines, vacuum cleaners, stoves, cut¬ 
lery, tableware, ashcans, cooking utensils, 
irons, lamps and shades, lawn mowers, 
pails and buckets, spray guns, wire goods. 

Electrical Equipment. —Enclosures and 
receptacles, rotors, contact points, elec¬ 
tronic tubes, appliances, transformer tanks, 
cabinets, switchgear, switches, cable con¬ 
nectors, relays, control instruments, meas¬ 
uring instruments, meters, armatures. 

Hardiuarc. —Trunk and suitcase hard¬ 
ware, skates, hand trucks, pulleys, tool 
handles, shovels, rakes, hoes, wagon and 
truck hardware, tanks, sporting goods. 

Industrial Equipment. —Stokers, utility 
baskets, bins, pallets, rings, crates, cabi¬ 
nets, stands. 

Miscellaneous. —Carbon and alloy steel 
tubing, fabricated tubular parts, camera 
parts, jewelry, surgical and dental instru¬ 
ments, farm implements, bicycles, finned 
tubing, photographic equipment, optical 
goods, fountain pens. 

Many of the applications listed do not 
refer to complete products, but rather to 
product parts. In numerous instances it is 
found advantageous to combine resistance 
welding with other joining methods. For 
example, spot welding may advantag¬ 
eously be used for tack welding of as¬ 
semblies that are to be arc welded; also, 
spot and projection welding are frequently 
used to join parts for furnace brazing. 
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Table 3—Recommended Practice* for Spot Welding Low-Alloy and Medium-Carbon Steels 
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MATERIAL SHOULD DC PICKLED OR OTHERWISE CLEANED TO OBTAIN A SURFACE CONTACT RESISTANCE NOT EXCEEDING 200 MICROHMS- 
OATA IS POR TWO PIECES OF EQUAL THICKNESS, EACH Of THICKNESS ’ T 

ELECTRODE MATERIAL : RWMA CLASS 2 MINIMUM ELECTRICAL CONDUCTIVITY - 79% Of COPPER . MINIMUM HARONESS 75 ROCKWELL B 
ELECTRODE DIAMETER 6 SHAPE ARE THE SAME FOR BOTH UPPER AND LOWER ELECTRODES. 

MINIMUM SPACiNO IS THAT SPACINO FOR WHICH NO SPECIAL PRECAUTIONS NEED BE TAKEN TO COMPENSATE FOR SHUNTED CURRENT EFFECT OF ADJACENT WELDS. 
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Table 5—Recommended Practices for Spot Welding Annealed Nickel 


MATERIAL 
THICKNESS 
|(SEE NOTE I) 


INCHES 


0.005 TO: 

0.005 


0.010 


0.015 


0 021 


0.051 


0.063 


0.093 


0.125 


0.010 TO: 


0.010 


0 .015 


0.021 


0.031 


0.063 


0.094 


0.125 
0.015 TO: 


0.015 


0.021 


0.031 


0 063 
0.094 


0 125 
0 .021 T O: 
0.021 


0.031 


0.063 


0.094 


0.125 


0.031 TO: 


0.031 


0.063 


0.094 
0. 125 


0.063 TO: 


0.063 


0.094 
0. 125 


0.094 TO: 


0.094 


0.125 


0.125 TO: 


0.125 


ELECTRODE 
OlAMETER 
(NOTES 2 AND 
3 BELOW ) 

OR 

10 ' 


a.iM., 

MAX. 

5/32 


5/32 


5/32 


D.IN.. 

MIN. 


NET 

ELECTRODE 

FORCE 


WELD 

TIME 


CYCLES 
(60 PER 
SEC.) 


WELOINO 

CURRENT 

(APPROX.) 


5/32 


5/32 


5/32 


5/32 


5/32 


5/32 


5/32 


5/32 


5/32 


3/16 


3/16 


3/16 


3/16 


HO 


HO 


110 


I 15 


■ IS 


115 


3/16 


3/16 


5/32 


5/32 


5/32 


3/16 


3/16 


3/16 


3/16 


3/16 


3/16 


3/16 


3/16 


AMPS 


7,800 


8,000 


8,100 


8, 150 


8,200 


130 


130 


140 


140 


150 


250 


250 


3/16 


3/16 


5/32 


5/32 


5/32 


5/32 


5/32 


3/16 


5/8 


5/32 


250 


11,800 

11,900 


12,000 


12,200 


12,300 


12,300 


260 


370 


5/32 


5/32 


5/8 


5/8 


3/16 


3/16 


1/4 


3/16 


370 


370 


380 


380 


12,500 


12.300 


12,500 


12,600 

12,800 

13,000 


13, 100 


7,800 


8.200 


8,600 


900 


900 


1/4 


5/16 


5/16 


3/8 


1720 


1800 

1800 


5/16 


5/16 


3/8 


2300 


8.800 


9,000 


15,400 


15,200 


13,500 

14,200 


21,600 


20,000 


12 


2300 


3300 


20 


20 


26,400 


25,400 


31,000 


MINIMUM 

CONTACTING 

OVERLAP 

P L -1 


IN. 


1/4 


1/4 


1/4 


1/4 


1/4 


1/4 


1/4 


1/4 


1/4 


1/4 


1/4 


1/4 


1/4 


5/16 


5/16 


5/16 


5/16 


5/16 


3/6 


3/8 


3/8 


3/8 


5/8 


5/8 


3/4 


3/4 


7/8 


MINIMUM 
WELD 
SPACING 
(SEE NOTE 
4 BELOW) 


DIAMETER 

FUSED 

ZONE 


MMIMUM 

SHEAR 

STRENGTH 


IN. 


3/8 


Dw 


0.10 


1/2 


0.10 


LBS. 


30 


MATERIAL 
THICKNESS 
(SEE NOTE I) 


INCHES 


0.005 TO: 


0.005 


45 


1/2 


0.10 


5/8 


0.10 


5/8 


0.10 


5/8 


0.10 


50 


50 


50 


55 


0.010 

0.015 


0.021 


0.031 


0.063 


0.093 


0.125 


7/16 


0.12 


7/16 


0 . 12 


1/2 


0.12 


5/8 


0.12 


5/8 


0.12 


7/16 


0.12 


1/2 


0.13 


0.13 


0.13 


5/8 


0.13 


ISO 


160 


185 


0.010 TO : 


0.010 


0.015 


0.021 


0.031 


0.063 


190 


0.094 


210 


180 


0.125 


0 015 TO : 


0.015 


250 


2 80 


300 


305 


5/8 


0.13 


9/16 


0.12 


310 


0.021 


0.031 


0.063 


0 094 


0 125 


350 


0.021 TO: 


0.021 


5/8 


0.12 


5/8 


0.12 


11/16 


0.12 


3/4 


0.13 


7/8 


7/8 


0.18 


0.17 


370 


395 


430 


0.031 


0 063 


0.094 


450 


760 


770 


O. 18 


840 


0. 16 


930 


1-1/2 


1-5/8 


1-3/4 


0.25 


2400 


0.25 


2550 


1-7/8 


0.25 


26 50 


0. 125 


0.031 TO: 


0.031 


0.063 


0.094 


O. 125 


0.063 to: 


0.063 


0.094 


0.125 


0.31 


3600 


0.31 


3780 


0.094 


2- 1/4 


0.37 


5600 


0.125 
0.125 to: 


O. 125 


3. 


NOTES: 

'• “* TER,AL SH0UL0 BE ™ EE ™<>M SCALE. OXIDES. PAINT, GREASE AND OIL. 

ELECTRODE SHAPE BE FLAT RATHER THAN DOMED. IN WHICH CASE THE SHEAR STRENGTHS AND NUGGET 
DIAMETERS WILL BE HIGHER AND LARGER THAN SHOWN IN THE TABLE 

ELECTROOE MATERIALS . CLASS I OR CLASS 2 

MINIMUM CONDUCTIVITY 80% Cm 75% Cm 

MINIMUM HARDNESS 68 Rb 75 Rb 

MINIMUM WELO SPACING IS THAT SPACING FOR TWO PIECES FOR WHICH NO SPECIAL PRECAUTIONS NEEO BE TAKEN 
TO COMPENSATE FOR SHJNTED CURRENT EFFECT OF AOJACENT WELOS. 

FOR THREE PIECES INCREASE SPACING 30 PERCENT. 
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Table 6—Recommended Practices for Spot Welding Annealed Monel 


MATERIAL 

THICK M£ 95 

Usee noted 


INCHES 


0.005 TO : 


0.005 


0.010 


0.015 


0.021 


0.054 


0 063 


0.094 


0 125 


0 010 TO . 


0 010 


0.013 


0.021 


0.031 


0.013 


0 094 


0.125 


0013 TO: 


ELECTROOC 
0<AMETER 
(NOTES 2 ANO 3 
BELOW) 


■ o' 




3/32 


3/32 


5/32 


5/32 


3/32 


3/32 


5/32 


3/32 


5/32 


3/32 


5/32 


3/32 


0 013 


0 021 


0 031 


0.063 


0 093 


0.123 


°J>tl J° 

0 021 


0.031 


0 063 


0 093 


0. 12 3 

|0 031 TO: 


0 031 


0.063 


0 094 


0_I25 
0 063 TO 


0 063 


0 093 


O 125 


0 093 TO 


0. 093 


0. 123 


0 123 TO: 


0.123 


3/16 


3/16 


3/* 


3/16 


3/16 


5/32 


3/32 


3/32 


1/4 


1/4 


3/8 


3/8 


3/8 


5/32 


NET 

ELECTROOC 

FORCE 


LBS 


220 


220 


220 


220 


230 


250 


250 


230 


2 70 


WELD 

TIME 


CYCLES 
(60 PER 
SEC ) 


WELOING 
CURRENT 
(APPROX ) 


AMPS 


3.000 


6.100 


300 


3/ *6 


3/16 


3/16 


3/16 


3/8 


3/8 


1/2 


3/16 


3/8 


3/8 


1/2 


3000 


7.000 


7.200 


7.400 


8.000 


MINIMUM 

CONTACTING 

OVERLAP 




a 


IN 


1/4 


1/4 


1/4 


1/4 


1/4 


1/4 


8.600 


0.700 


7.200 


6.600 

8.200 


1/4 


1/4 


1/4 


8.600 


9.200 


9 l 9iOO 

9.900 


1/4 


1/4 


1/4 


1/4 


MINIMUM 

WELO 
SPACING 
(SEE NOTE 
4 BELOW) 


IN 


1/4 


1/4 


3/i6 


3/0 


3/0 


WAMCTER 

FUSED 

ZONE 


IN 


0.10 


0 . 10 


0 . 10 


0.11 


0.11 


0 II 


1/2 


1/4 


Oil 


0 II 


0.12 


0. 13 


7/16 


0.13 


1/2 


1/2 


0 14 


0.14 


12 


30 


10. 300 

11. 200 
II. 400 
11,000 


22,600 

23.000 

30,000 


MINIMUM 

SHEAR 

STRENGTH 


LBS 


33 


60 


73 


83 


93 


MATERIAL 
THICKNESS 
(SEE NOTE I) 


INCHES 


0.003 TO : 


0.003 


0 010 


0013 


0.021 


0.031 


90 


90 


03 


143 


133 


170 


190 


190 


210 


220 


0.063 


0 094 


0 123 


0 010 TO 


0.010 


0.013 


0.021 


0 031 


0.063 


0.094 


0. 123 


0 17 


1-3/0 


230 


293 


0.013 TO. 


0 013 


0 021 
0 031 


0.47 


3830 


0 063 TO*. 


0.063 


0 093 


OJ23 
0 093 TO 


0.093 


0.123 


0.123 TO- 


0 123 


NOTES 


MATERIAL SHOULO BE FREE FROM SCALE, OXIDES, PAINT. GREASE AND OIL 

ELECTROOC SHAPE MAY BE PLAT RATHER THAN DOMEO. IN WHICH CASE THE SHEAR STRENGTHS ANO NUGGET 
DIAMETERS WILL BE HIGHER ANO LA0GER Than SHOWN IN THE TABU 
ELECTRODE MATERIALS. CLASS I OR CLASS 2 

MINIMUM CONDUCTIVITY 00% Cy 73 % Cm 

MINIMUM HARDNESS 66 R* 73 R» 

MINIMUM WCLD SP4C4NG IS THAT SPACING FOR TWO PIECES FOR WHICH NO SPECIAL PRECAUTIONS NEED BE TAKEN T 0 
COMPENSATE FOR SMUNTEO CURRENT EFFECT OF AOJACEHT WELOS 
FOR THRU PIECES INCREASE SPACING 30 PERCENT 
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WELDING PROCESSES 


Table 7—Recommended Practices for Spot Welding Annealed Inconel 


MATERIAL ELECTRODE 
THICKNESS DIAMETER 
(SEE NOTED (NOTES 2 AND 
3 BELOW ) 


NET 

ELECTRODE 

FORCE 


WELD WELDING 
TIME CURRENT 
(APPROX.) 


MINIMUM 

CONTACTING 

OVERLAP 


to* 


MINIMUM DIAMETER 
WELD FUSEO 

SPACING ZONE 

(SEE NOTE 
A BELOW) 


MINIMUM MATERIAL 
SHEAR THICKNESS 
STRENGTH (SEC NOTED 


u 



INCHES 
0.005 TO 3 

0.003 

0.010 

d, in, 
MAX. 

5/32 

3/32 

0, IN., 
MIN. 

5/32 

3/16 

LBS. 

300 

300 

OTCLtS 
(60 PER 

SEC.) AMPS IN. IN 

2 7.000 1/4 1/4 

4 5.300 1/4 1/4 

IN. LBS. 

0.11 70 

0 19 1AA 

INCHES 

0.005 TO: 

0.009 

0.013 

9/32 s 

3/16 

3 00 

4 5,500 1/4 ■/. 

u.ic IOO 

0.010 

0.021 

3/32 S 

3/16 

300 

6 4.800 1/4 5/16 

0.12 105 

0.13 11 o 

0.013 

A AA 1 

0 031 

3/32* 

3/16 

325 

0 5.400 1/4 5/16 

MU 

A 1 1 |A A 

0.021 

0.062 

5/32* 

5/8 

325 

6 5,600 1/4 3/8 

u. 13 120 

A |B im 

0.031 

0.094 

0.125 

0.010 TO ' 

5/32* 

3/32* 

5/8 

5/8 

325 

325 

6 5,800 1 1/4 3/8 

6 5.600 1/4 3/8 

0.16 145 

0.15 130 

0.062 

0.094 

0. 125 

0.010 

0.015 

3/16 

3/32* 

3/16 

3/16 

320 

320 

4 7.500 1/4 1/4 

4 5,500 1/4 1/4 

0.12 175 

n it nit 

0.010 TO * 

0.010 

0.021 

3/32* 

3/16 

320 

6 5100 1 / A Q / 5 n 


0.013 | 

0.031 

5/32!* 

3/16 

350 

6 5,600 1/4 9/32 

0.13 215 

0.14 290 

0.021 

0.031 ! 

0.063 

5/32* 

3/16 

400 

6 5.500 1/4 5/16 

0.14 315 

A AA« \ 

0.094 

5/32* 

5/8 

400 * 

6 5,800 1/4 3/8 

0.15 350 

U • Uo j | 

0.094 j 

0.125 

0.013 TO: 

5/32* 

5/8 

400 

6 4.600 1/4 3/8 

0.14 370 

0.125 1 

0.013 

3/16 

1 / IC 

3/16 

360 

6 7.600 1/4 1/4 

0.12 295 

0.015 TO : I 
0.015 

u ,U&I 

0 031 

3/16 

R / in* 

3/16 

1 «IC 

360 

A A 

6 5.400 1/4 1/4 

0.12 290 

0.021 

V . J| 

0.063 

0.094 

3/ 3c 

5/32* 
3/ 16* 

3/lo 

5/16 

5/8 

400 

400 

400 

8 4,600 1/4 9/32 

0 4,700 1/4 5/16 

10 4,700 1/4 11/32 

•2 4,600 1/4 3/0 

0. 13 370 

0. 13 440 

0.031 1 

0.063 

0.123 

O 091 TA • 

3/16 

5/8 

400 

0. 16 535 

0. 16 560 

0.094 

0.125 

V VC 1 TO • 






ft 091 TO • 1 

0.021 

5/32 

5/32 

300 

12 4.000 5/16 7/16 

0.12 545 

V/.V/CI IU * I 

0.021 I 

0.031 

5/32 

3/16 

350 

•2 4,100 5/16 7/16 

0.12 535 

0.031 

0.063 

3/16 * 

5/16 

400 

12 5.300 5/16 15/32 

0.12 580 

0.063 

0.094 

3/16* 

5/8 

500 

12 5,900 5/16 1/2 

0.13 670 

0.094 1 

0.123 

3/16* 

5/8 

550 

•2 6.300 5/16 1/2 

0.13 690 

0.123" 

0.031 TO: 




_ _____ 

0.031 TO: I 

0.031 

3/16 

3/16 

700 

12 6.700 3/8 9/16 

0. 18 920 

0.031 I 

0.063 

3/16 

5/16 

700 

•2 7,100 3/8 5/0 

0.18 963 

0.063 J 

0. 094 

1/4 * 

5/8 

700 

12 6.300 3/8 11/16 

0.20 1250 

0.094 j 

0. 123 

0.063 TO: 

1/4 * 

5/8 

750 

•2 8.500 3/8 3/4 

0.20 1210 

< 

0. 123 I 

>.063 TO : 

0.063 

5/16 

5/16 

2070 

12 12,000 5/8 1-1/6 

0.31 2750 

0.083 1 

0.093 

5/16 

5/8 

2450 

16 12,000 5/8 1-3/16 

0.31 2730 

0.093 I 

0.123 

5/16 

5/8 

2600 

20 12.000 5/8 1-1/4 

0.32 3820 

0.125 | 

0.093 TO: 





0 

.093 TO: 1 

0.093 

3/0 

3/8 

3870 

20 15.000 3/4 1-3/16 

0.37 4400 

0.093 J 

0. 123 

7/16 

7/16 

5100 

30 20,000 3/4 1-1/4 

0.40 4700 

0.125 I 

0.125 TO: 





0 

M25 TO: 1 

0.125 

7/16 

7/16 

5270 

30 20,100 7/8 1-5/16 

0.44 6400 

0.123 j 







I 






' 



* INDICATES MOLYBDENUM TIPPEO ELECTRODE. 

NOTES: 

'• MATERIAL SHOULD BE FREE FROM SCALE, OXIDES, PAINT, GREASE AND OIL. 

2. ELECTRODE SHAPE MAY BE FLAT RATHER THAN OOMEO, IN WHICH CASE THE SHEAR STRENGTHS AND NUGGET 
DIAMETER .WILL BE HIGHER ANO LARGER THAN SHOWN IN THE TABLE. 

5. ELECTROOE MATERIALS , CLASS I OR CLAS S 2 OR MOLYBDENUM FACEO 

MINIMUM CONDUCTIVITY 80% Cu 73% Cm 33 % c „- 

MINIMUM HARDNESS 68 Rb 73 Rb 83 Rb 

«. MINIMUM WELO SPACING IS THAT SPACING FOR TWO PIECES FOR WHICH NO SPECIAL PRECAUTIONS NEEO BETAKEN 
TO COMPENSATE FOR SHUNTEO CURRENT EFFECT OF ADJACENT WELDS. 

FOR THREE PIECES INCREASE SPACING .30 PERCENT. 



Table 8—Recommended Practices for Seam Welding Low-Carbon Steel 
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Table 10—Projection Welding Design Data 



THICKNESS "I" Of 
THINNEST OUTSIDE 
PIECE (NOMINAL) 
(SEE NOTES 1,2,3 
ANO 4 BELOW) 


INCHES 


0.010 


0.012 


0.014 


0.016 


0.021 


0.025 


3 


0.034 


0.044 


0.050 


0.062 





0.078 


.094 


0.109 



0. 140 



OIAMETER 

OF 

PROJECT¬ 
ION "0“ 
(SEE NOTES 
7,8 ANO 10 
BELOW ) 

HEIGHT OF 
PROJECT¬ 
ION "H“ 

(SEE NOTES 7, 

9 ANO 10 
BELOW) 

IN. 

IN. 

0.055 

0.015 

0.055 

0.015 

■BE3M 

0.015 

EEB 

0.017 

begem 

0.017 

WEEBM 

0.020 

0.094 

0.022 

0.094 

0.022 

0.119 

0.020 

0.119 

0.020 

0.156 

0.035 

0.156 

0.035 

0.107 

0.041 

0.210 

0 040 

0.250 

0.054 

0.201 

0 060 

0.312 

0.066 

0 343 

0 072 

0 375 

0.078 

0.406 

0 085 

imsnm 

0.091 

1 0.531 

0. 110 


MINIMUM SHEAR STRENGTH 
(SINGLE PROJECTIONS ONLY) 


TENSILE 

JTRENGTI 

BELOW 

70.000 

PSI 


130 


170 


200 


240 


320 


450 


635 


790 


92 


35 


1950 


2 300 


2 


LB. 


TENSILE 
STRENGTH 
70,000 
UP TO 
150,000 
PSI 


160 


22 


260 


330 


40 


600 


05 


1000 




TENSILE 

STRENGTH 

150,000 

PSI 

ANO 

ABOVE 


250 


330 


300 


5 


600 


620 


I 100 


1300 


2000 




3400 




OIAMETER 
OF FUSED 
ZONE 
MINIMUM 
(AT WELO 
INTERFACE) 



BELOW) 


THICKNESS "T" OF 
THINNEST OUTSIDE 
PIECE (NOMINAL) 
(SEE NOTES 1,2.3 
ANO 4 BELOW) 



IN. 


0.112 


0.112 


2 


0.112 


0.140 


0.140 


0.169 


0.169 


0.169 




IN. 


1/8 


i/e 


1/0 


5/32 


5/32 


3/16 


7/32 


7/32 


9/32 






3/0 


7/1C 


INCHES 


0.010 


0.012 


0.014 


0.016 


0.021 


0.025 


0.031 


0.034 



0.171 


0 187 


0.203 


0.250 


NOTES < 

1. TYPES OF STEEL: 

LOW-CARBON -SAE 1010 

STAINLESS-TYPES 309. 310. 316, 317, 321,347 ANO 349 
(MAX. CARBON CONTENT 0.15%) 

2. MATERIAL SHOULD BE FREE FROM SCALE, OXIDES. PAINT, GREASE ANO OIL 

3. SIZE OF PROJECTION NORMALLY DETERMINED BY THICKNESS OF THINNER PIECE, ANO PROJECTION SHOULD BE 
ON THICKER PIECE WHERE POSSIBLE 

4. OATA BASED ON THICKNESS OF THINNER SHEET, ANO FOR TWO THICKNESSES ONLY 

5. CONTACTING OVERLAP OOES NOT INCLUOE ANY RADII FROM FORMING, ETC. 

5. WELO SHOULD 0E LOCATED IN CENTER OF OVERLAP 

7. PROJECTION SHOULD BE MAOE ON PIECE OF HIGHER CONDUCTIVITY WHEN DISSIMILAR METALS ARE WELDED 

6. FOR OIAMETER OF PROJECTION *0" A TOLERANCE OF ± 0.003IN. IN MATERIAL UP TO ANO INCLUDING 0.050 IN. 
IN THICKNESS ANO 1 0.007 IN. IN MATERIAL OVER 0.050 IN. IN THICKNESS MAY BE ALLOWEO 

0F P * 0JECTU> " A TOLERANCE OF 10.002 IN IN MATERIAL UP TO ANO INCLUOING 0.050 M. 

IN THICKNESS ANO t 0 005 IN IN MATERIAL OVER 0.050 IN. IN THICKNESS MAYBE ALLOWED 
•a SEE TABLE 13 FOR OATA ON PUNCH AND DIE DESIGNS FOR MAKING PROJECTIONS 











































































































WELDING PROCESSES 
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Table 13—Projection Welding Punch and Die Design Data 



MAT 

THICKNESS 


.012 T0.0I6 


.016 TQ 


PI 

NQ 




♦002 

C 





♦jooikooi kooi 


3/8 19/l6 j.055 .0331.015 1.015 




9 /l6 




042 OI7 


031 


035 






.081 




.050 


.062 


.071 


.078 




3/8 9/161.119 


3/8 





.050 


.030 .0501.005 


028 .035 


10 





9/16 



078 


05 




• 1 

8 



sa 



.081 .005 


.109 


.125 


.140 




.171 


.187 


.203 


.250 



3 


14 


5 


6 


17 


18 


9 





05 .035 .043( 08 


28 .041 [0551.104 


.065.115 






'/2 11/161281 


LSI 


umunmiwM 


.308 




.054 

075 . 

.060 

E23! 

066 

.096. 

.072 

.107. 

.078 

.118. 

.085 

.130 J 

ieeh 

.143 .: 

.1 10 

.175 .! 




•J54 I/S4 


Kl 




MATERIAL* 

MAKE DIE 8 PUNCH INSERTS FROM AIR-HARDENING CHROME-VANADIUM STEEL. 
FINISH ALL OVER AND HARDEN TO 65-68 ROCKWELL "C* SCALE. 

NOTE- 

EACH PART NUMBER REPRESENTS ONE COMPLETE DIE UNIT WHICH IS MADE UP 
OF PUNCH S DIE INSERT 

ALL WORKING SURFACES OF DIE UNIT MUST BE POLISHED. 
















































































Table 14—RecommendedjPractices'Jfor^PulaationlWelding Low-Carbon'Steel 
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TYPE OF STEEL - SAE 1010 

MATERIAL should be free from scale, oxide, paint, crease and oil 

ELECTRODE MATERIAL, CLASS 2 

MINIMUM CONDUCTIVITY - 75 % OF COPPER 
MINIMUM HARDNESS — 75 ROCKWELL “b" 
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CHAPTER 17 


FLASH, UPSET AND PERCUSSION WELDING* 


A. FLASH WELDING 

FUNDAMENTALS OF PROCESS 

Definition and General Descriptions 

Flash welding is a resistance-welding 
process wherein coalescence is produced, 
simultaneously over the entire area of 
abutting surfaces, by the heat obtained 
from resistance to the flow of electric 
current between the two surfaces, and by 
the application of pressure after heating 
is substantially completed. Flashing and 
upsetting are accompanied by expulsion 
of metal from the joint. 


Principles of Operation 

Sequence .—In many applications, there 
are other steps involved in the cycle than 
those referred to above. The following 
li.->t indicates the sequence of operations 
that may be required. 

*1- Load machine. 

*2. Clamp work. 

*3. Apply welding voltage. 

4. Apply preheating pressure. 

:>. Preheat. 

6. Release pressure. 

{x on * act parts lightly for flashing. 

o. Mash at high voltage. 

*9. Mash at normal voltage. 


ULOJUUULOJLy 




LIGHT CONTACT OR 
MINUTE AIR GAP 


Fig. 1.—Relationship of Parts for Flash Welding 


1 basically flash welding consists of plac¬ 
ing two pieces of metal in an electric cir¬ 
cuit adjacent to each other, in very light 
contact, and applying an electric potential 
that causes a current of sufficient magni¬ 
tude to flow through the circuit to form 
a . Joshing action between the adjacent 
pieces of metal, thereby heating them to 
the fusion point with the weld being 
consummated by the application of suffi¬ 
cient pressure. Figure 1 shows the rela¬ 
tionship of parts for this application. 


I renared by a committee consisting of C. D 

w 3 , nS Harvester Co., Chairman; 

fi- ^ fcthio, Swift Electric Welder Co.: 

n a »t iiif' A \ V* Smith Corp.; C. B. Voldrich. 
Hattclle Memorial Institute. 


*10. Upset. 

11. Postheat. 

*12. Cut off welding 
*13. Unclamp work. 
■14. Return platen and 
15. Trim flash. 


current. 

unload. 


By using only the operations indicated 

w,th a " as «-™k(*), the basic or most 
generally used cycle is obtained. These 
operations illustrate a flash welding cycle 
m one of its more complicated forms. 
All of the steps are necessary for certain 
applications. The additional operations 
are used only when they become neces¬ 
sary because of the nature of the material 
■ung welded, or due to the design of the 
parts. The basic cycle is followed in all 


4_'l 
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cases except in the trimming of the flash, 
w hich may or may not be necessary ac¬ 
cording to the requirements of the particu¬ 
lar assembly. 

When welding tubes, it is often im¬ 
possible to remove the flash from the in¬ 
side, and in certain designs, wherein 
neither interference nor physical require¬ 
ments demand that the flash be removed, 
the parts are left as welded. The use of 
preheating and postheating periods is dis¬ 
cussed later in this chapter. 

When flash welding heavy sections, 
it is often difficult to establish a flashing 
action due to the fact that rather large 
amounts of cold metal are present at the 
flashing surfaces. Preheating of the 
parts prior to flashing is sometimes used 
to improve this condition. Another 
method is to bevel the surfaces to be 
welded. It is also possible to establish 
the flashing action manually bv inter¬ 
mittently shorting the pieces until suffi¬ 
cient temperature is obtained so that 
flashing may take place as a part of the 
automatic cycle of the machine. Item 
8 in the Sequence of Operations indicates 
another method of establishing a flashing 
action wherein a higher open-circuit 
voltage is used at the start of flashing 
than is used later in the cycle. All of 
the foregoing methods have been proved 
to be satisfactory in production and in 
many instances combinations of them are 
employed. 

b tasking .—A brief description has been 
given of the flashing action which takes 
place between the two parts prior to upset. 
It is necessary that the platen be acceler¬ 
ated at the proper rate to maintain a 
continuous flashing action. This rate 
is more or less determined by the size 
of the parts being welded, as well as by 
the amount of electrical energy being 
used. Both the instantaneous and the 
average rates of flashing must be con¬ 
sidered. 

The average rate of flashing may be 
understood as the total distance the 
platen travels during the flashing period 
divided by the time required for this 
travel. If the rate is too low, flashing is 
only obtained intermittently and it is 
difficult to obtain sufficient heat in the 
parts to provide for an adequate upset. 
Should the rate be too high, it is entirely 
possible that the pieces may only freeze 
together prior to upset, without making 
a proper weld. 


The overall flashing time may be con¬ 
sidered as the full amount of time during 
which the flashing action takes place. If 
the time is too short, insufficient heat 
is generated in the parts and it is im¬ 
possible to obtain the proper upset. In 
contrast, if it is too long, the welding 
surfaces are overheated and it is also 
impossible to obtain a proper upset. This 
is due to the fact that there is a rather 
large amount of molten or plastic materia] 
to be forced out of the weld area, making 
it difficult to utilize the correct pressure 
during the upset cycle. 

On automatic machines the flashing rate 
and the flashing time may usually be con¬ 
sidered as a single variable once the cam 
is designed, inasmuch as any change in 
cam speed affects both variables. 



Incorrect 


Fig. 2.— Effect of Correct Rate of Energy Input 
Compared with Too High Rate of Input 


Flashing current and voltage are usu¬ 
ally determined by the transformer setting 
and, therefore, cannot be individually 
changed. A setting on a high tap on the 
transformer tends to increase both the 
current and voltage, whereas a low tap 
setting decreases them. The effect of hav¬ 
ing too low an energy input is similar to 
that of having too high a rate of flashing, 
in that it is difficult to obtain sufficient 
heat and there is a possibility of freezing 
the pieces together as the platen is ac¬ 
celerated. Too high a rate of energy 
input tends to separate the work pieces 
during flashing, which in turn creates large 
craters on the flashing surfaces and makes 
it difficult to upset to sound material. 
Figure 2 indicates the effect of flashing 
with too high a rate of energy input. 



423 


FLASH, UPSET AND PERCUSSION WELDING 


in establishing a new welding procedure 
it may be desirable to flash the parts 
without upsetting them and then ex¬ 
amine the ends to determine whether or 
not they are suitable for upsetting with¬ 
out danger of pockets or slag which can¬ 
not be squeezed out during upset. 

In making a flash weld, when initial 
contact is established there is a series of 
very light, localized contacts between the 
two surfaces as indicated in Fig. 3, which 
result in a high concentration of current 
at those points. This localization of cur¬ 
rent heats up the minute areas to incan¬ 
descence and causes the molten metal 
to be blown out in the form of small 
particles. These localized short circuits 
or bridges occur successively over the 
entire surface at an accelerating rate 
until such time as the entire surface 
reaches a fusing temperature. 


practice might be of benefit when there 
is need for the utmost in weld quality. 

Upsetting -After the flashing action 

has progressed for a sufficient time to es¬ 
tablish a plastic zone of metal, the upset 
pressure is applied rapidly to complete 
the weld. The purpose of this pressure 
is twofold; first, to provide forging action 
of sufficient intensity to unite the plastic 
weld metal and, second, to squeeze out 
all slag or oxidized materials which may 
be on the abutting surfaces just prior to 
upset. 

The current flowing through the pieces 
during upset must be sufficient to prevent 
the material from chilling too rapidly. 
If the upset current is too low, it is im¬ 
possible to squeeze out all of the oxides, 
slag inclusions, etc. This also will cause 
an improper upset as was discussed with 
respect to insufficient heat in the material 



Fig. 3.—Localized Bridging at Initial Contact 


As soon as sufficient heat has been 
generated to obtain a fusing temperature, 
an upset or forging pressure is applied 
suddenly and the welding current is cut 
off. To obtain sufficient plasticity for 
upsetting some large pieces, it is neces¬ 
sary to prolong the flashing cycle after 
the surfaces have reached a fusing tem¬ 
perature. Some authorities have main¬ 
tained that the flashing action assists in 
providing a protective atmosphere by com¬ 
bustion of particles expelled. It is also 
believed that combustion of these particles 
furnishes heat in addition to that obtained 
from the electrical energy. However, 
recent investigations indicate that the 
importance of these effects is negligible. 

I here have been numerous instances, 
in recent years, where shielding atmos¬ 
pheres such as city gas, hydrogen and 
the inert gases have been tried to im¬ 
prove the quality of the weld joint. This 
practice has not been widespread, but 
research has been conducted in several 
laboratories. In several instances pro¬ 
duction runs of flash-welded assemblies 
have been accomplished with the aid of 
a shielding gas. While the results of such 
procedures to date are not conclusive, the 


prior to upset. On the other hand, too 
high an upset current may blow out mol¬ 
ten material adjacent to the weld, caus¬ 
ing a defect. It is therefore necessary 
to have sufficient current to provide a 
proper upsetting action, but with no blow¬ 
ing out or loss of pressure due to the ma¬ 
terial becoming plastic back of the weld 
region. Excessive upset current may also 
result in overheating to the extent of burn¬ 
ing the weld apart. 

1 he upset pressure should extrude the 
molten metal so that the weld is made 
in the plastic metal immediately adjacent. 

I his pressure is greatest at the center of 
the section and decreases toward the outer 
edges. Since slag which is trapped in 
the center of the section must travel the 
farthest, it is reasonable to expect that 
the center section must be freed first 
of any unwanted slag particles during 
upset. If these foreign particles become 
trapped on their way out, they will pro- 
duce defects in the completed weld. 

herefore, the upset pressure must be 
sufficient to completely extrude the molten 
metal at the weld line beyond the original 
cross-section of the work-piece, in order 
<> injure that all slag and inclusions will 



424 


WELDING PROCESSES 


be removed when the upset material is 
removed. After removing the flash by 
machining, there should be no external 
evidence of the weld. If the weld is 
sectioned and etched, there should be no 
evidence of porosity or slag. Such po¬ 
rosity or defects indicate incomplete upset 
due either to insufficient upset pressure 
or insufficient plasticity of the metal in 
the weld region. 


with various materials are indicated in 
the section of this chapter on Recom¬ 
mended Practices. Figure 4 illustrates 
the appearance of two round shafts be¬ 
fore flash welding, after welding, after 
the flash has been removed and after the 
flash and upset have been removed. 

Effect of Process on Materials Welded 

As previously described, flash welding 
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Fig. 4.—Flash Welding Two Solid Rods 

( 1 ) Before welding (5) Flash removed 

(2) After welding (4) Upset metal removed 


While the upset pressure must be suf¬ 
ficiently high to force out all slag in¬ 
clusions, it is possible to provide too 
high an upset pressure. This results 
in forcing out the plastic material, and 
attempting to make the weld in the non¬ 
plastic region. The upset velocity is 
closely related to the upset pressure and 
must be sufficiently rapid to avoid oxida¬ 
tion or cooling of the material. The upset 
pressure required on any material depends 
primarily on the physical properties of 
the materials being welded. 

Values of upset pressures normally used 


heats the abutting surfaces to a plastic 
temperature. Some of this plastic ma¬ 
terial is removed during the upset, but 
it must be considered that the metal 
immediately adjacent to the welding line 
has reached a temperature high enough 
to provide for plastic flow. The welding 
procedure being employed has consider¬ 
able effect upon the temperature gradients 
from the weld line to the cool material. 
It is generally felt that knowledge of the 
gradients at the time of upset could 
considerably assist in determining optimum 
welding conditions, and thus the machine 
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settings might be predetermined without 
the necessity of making a considerable 
number of samples. Since the material 
being welded is heated to a plastic con¬ 
dition, alloy or high-carbon steels will 
tend to harden unless the cooling rate 
is retarded. This may be done by adding 
postheating to the welding cycle or pre¬ 
heating prior to starting the welding 
operation or both. 

In some instances it is necessary to 
completely heat treat the assembly after 
welding in order to obtain a uniform 
structure and hardness. Further infor¬ 
mation on welding various materials is 
given in the section of this chapter per¬ 
taining to materials welded. 

Due to flashing and upsetting there 
is a certain amount of material lost when 
using this process. Since it is desired 
that the upset pressure be consistently 
maintained, it is usually necessary to have 
the parts to be welded made to close toler¬ 
ances. In any instance, the tolerances of 
the parts should be closer than is ex¬ 
pected of the assembly after welding. 


The best method of checking to deter¬ 
mine whether or not the weld has been 
properly made is by means of a cross 
section which has been cut and etched 
to determine whether or not any defects 
are present. 

Figure 5 (a) illustrates the outward 
appearance of a weld which has been 
properly made, Fig. 5 (b) a weld which 
cracked longitudinally due to insufficient 
heat in the material at the time of upset 
and Fig. 5 (c) a weld upset with insuffi¬ 
cient heat. It should be noted that the 
slope of the upset material in Fig. 5 (c) 
is much flatter than the slope of the upset 
material on the weld properly made. 
Excessive upset pressure would result 
in an appearance similar to Fig. 5 (c) 
except that the volume of upset material 
would be greater. 

1 he effect of flashing and upsetting 
under improper conditions was discussed 
earlier in this chapter. Figure 6 sum¬ 
marizes in tabular form the effects of 
the more important variables involved. 
In this table each variable is considered 



Fig. 5.—Surface Indications of Flash Weld Quality 


1 ables are included in the Recommended 
Practices shown in this chapter giving 
the total amount of stock lost when 
welding various sizes and shapes. Due 
to the slow cooling and the >ymmetrical 
shapes usually flash welded, the problem 
of residual stresses at the conclusion of 
the welding operation is not a major 
problem. In some instances as when 
welding tubular sections to heavy forgings, 
residual stresses may be developed. In 
these cases, it may be again necessary 
to stress relieve or completely heat 
treat after welding. 

Weld Quality 

As might be expected welds made on 
manually-operated machines will show 
large variations in the welding cycle, 
depending on the skill of the operator. 


individually, although in certain instances 
more than one might cause the same effect. 

In order to maintain consistent quality, 
it is necessary that both parts to be 
welded and the dies used in the welding 
machines be designed properly. In order 
to hold to close dimensions in flash 
welding, it is necessary to clamp the 
pieces so that they will not slip during 
tin* upset pressure. I hese clamps and 
dies must be designed so that they will 
carry sufficient current to the parts being 
welded and distribute this current properly. 
Further information concerning the design 
of flash welded assemblies and references 
to the tooling necessary for flash welding 
is included in the portion of this chapter 
referring to design. 

'I he metallurgical quality of flash 
welded assemblies is discussed in the 
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section of this chapter on Metallurgical 
Considerations. 

Design 

General .—Flash welding is a highly 
satisfactory welding process provided the 
parts are properly designed for its use. 


the welded assemblies be held to very 
close tolerances, and it should be re¬ 
membered that the dimensional accuracy 
obtainable with the process, while it 
is quite close, cannot be better than that 
of the pieces prior to welding. Therefore, 
when close tolerances are required in the 
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Fig. 6.——Effect of Variables on Flash Weld Quality 


In designing for flash welding it is neces¬ 
sary to recognize the importance of obtain¬ 
ing adequate die contact for current flow 
into the work-pieces. This involves pro¬ 
visions for a sufficient area of electrode 
contact and for a clean surface condition. 
These areas must be clean in order to 
conduct the high currents without flash¬ 
ing or arcing at the electrodes. Arcing 
burns the welding dies and results in 
high replacement costs. 

In many instances, it is desired that 


welded assembly, it is essential that the 
locating points which are used in the 
welder dies should be held to the same, 
or closer, tolerances than are desired on 
the completed assembly. Closer toler¬ 
ances are obtainable with flash welding 
than may be obtained consistently by any 
other welding process, the accuracy in 
production being influenced by the follow¬ 
ing factors: 

1. Tolerances of the parts before 
welding. 







FLASH, UPSET AND PERCUSSION WELDING 


427 



Co/VDC/CT/V/TY 

Metal 


£o\a/ Coa/duc T/\s/ry 

Metal 


Fig. 7. Method of Heet Balance by Unequal Extension of Work-Pieces from Dies 


— . I rigidity and precision of the 
welding machine and fixtures. 

3. The maintenance given welding 
electrodes to control normal electrode 
wear. 

4. I he care used in loading the 
work in the welding machine. 

Heat Balance .—In order to make a 
i?ood flash weld it is necessary that the 
same plasticity be obtained in the two 
parts being welded. Under certain condi¬ 
tions this may be difficult due to either a 
difference in the cross-sectional area of 
di<* two parts or to differences in the 


heat conductivities of the two parts. In 
''Uth instances several techniques may 
hi used to obtain proper heat balance. 
One method is to extend the part which 
does not heat up as fast farther out of 
the dies, as illustrated in Fig. 7. Another 
method is by an unequal beveling of the 
two parts as indicated in Fig. 8. In 
extreme cases it is possible to preheat 
one piece, either before it is put in the 
welding machine or while it is already in 
the machine by use of a bridge (Fig. 9). 
Such a bridge is usually made of copper 
;md designed to short circuit one work- 
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Fig. 9. Method of Heat Balance by Use of Copper Bridge 


piece in the machine in order to preheat 
the other piece. After this preheating 
is accomplished the bridge is removed 
and the pieces are welded in the usual 
manner. 

It should be remembered in the design¬ 
ing of flash-welded assemblies that this 
heat balance should be designed into 
the parts rather than obtained by special 
procedures during the welding operation. 

When welding heavy sections it is often 
advisable to bevel the end of at least 
one part in order to facilitate the start¬ 
ing of flashing. By means of such bevel¬ 
ing, it is possible in some cases to 
eliminate the necessity for preheating or 
flashing at a higher than normal voltage 
for the first part of the flashing period. 
Illustrations of this type of beveling are 
shown in Fig. 10 along with suggested 
dimensions. 

It is of prime importance that the sur¬ 
faces to be welded should line up properly 
in the welding machine so that the heat 
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geneiated by flashing is the same over 
the entire contact area. Should the parts 
be out of alignment, flashing will only 
occur in the sections where contact is 
obtained, and at the time of upset the 
parts will tend to slip past each other 
on the cold metal, as illustrated in Fig. 11. 
In production it is sometimes impossible 
to hold the tolerances of parts to be 
welded so that no misalignment occurs. 

I his item should be given careful con¬ 
sideration in the design of the parts to 
be welded and of the tooling for welding 
them, especially when the ratio of the 
length to the width of the sections being 
welded is high. 

In designing a flash-welded assembly, 
it is necessary to allow extra stock for 
flashing, and in most cases the sections 
to be joined should be approximately 
the same. It is also essential that the 
provisions made for clamping the pieces 
enable the welding dies to hold the parts 
in proper alignment. 
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Fig. 10.—— End Preparation for Heavy Pieces to Facilitate Flashing 
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When flash welding shafts, provision 
should be made for the removal of any 
deep centers on the welding surfaces 
which have been used for machining 
purposes. If deep centers are left in the 
parts, difficulty with voids or poor fusion 
will be encountered in the finished weld. 

Clamping .—In the welding of certain 
types of assemblies, it is necessary to 
maintain the upset pressure with clamps 
and without the aid of a backup. How¬ 
ever, when possible the pieces of work 
should be backed up by means of fixed 
stops on the platens and the upset pressure 
transmitted through these stops. With 
the use of backups, the clamping pressure 
on the electrodes need only be sufficient 
to provide good electrical contact for the 
welding current and to maintain align¬ 
ment of the work. Under these conditions, 


to determine whether or not it can be 
satisfactorily flash welded. Consideration 
must be given to the fact that welding 
current will shunt around the solid sec¬ 
tion of the ring thus cutting down the 
effective welding current. The amount 
of this shunting action, of course, depends 
upon the ratio of the length of the ring 
to the area being welded. It is also 
necessary to recognize the fact that the 
ring must be deformed to a smaller 
diameter during the welding operation, 
which naturally requires additional pres¬ 
sure. On small rings, it is particularly 
difficult to use adequate clamping dies 
due to interference of the closed side 
of the ring. 

Certain recommendations are made in 
Table 1 as to the maximum length of 
joint for flash welding flat sheets of 
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Fig. 11.—Illustrating Effect of Alignment 


• % 

it is usually not necessary to have more 
than 3000 to 4500 lb. clamping pressure 
per sq. in. of welded area. In applications 
such as the welding of rings, where it is 
impossible to use backups, the clamps 
must grip the work with sufficient force 
to prevent slippage when the upset pres¬ 
sure is applied. Under these conditions, 
0 is necessary to consider the upset 
pressure in relation to the coefficient of 
iriction between the work-piece and the 
electrodes or jaws. It has been common 
practice to assume a ratio of 2 '/ 2 to 3 
times the upset force for determining the 
clamping force. When one of the clamp 
jaws is made of steel, and slight markings 
on the work are not objectionable, ser¬ 
rations or teeth may be placed on tin- 
face of the clamping dies. When welding 
stainless steels, clamping pressure approxi¬ 
mately 50% higher than for mild steel 
must be used due to the lower coefficient 
of friction. 

In the welding of rings of any design 
Midi as wheels, ring gears, etc., tin- 
application must be carefully analyzed 


various thicknesses. Similar recommen¬ 
dations are made in Table 2 for the maxi¬ 
mum diameters to be used when flash 
welding tubing of various wall thicknesses. 
1‘hese recommendations or limitations do 
not infer that it is impossible to increase 
the weld lengths or tube diameters as 

specified. The recommendations are not 
intended to include laboratory procedures 
or to require a high degree of electrode 
maintenance in production. They arc 
simply a statement of recommended' prac¬ 
tices for normal parts preparation, dies 
and welder maintenance, etc. 

Flash Removal .—It is frequently neces¬ 
sary to remove both the flash and the 
extruded material after the weld is made. 
In some cases this is necessary only 
for the sake of appearance. The joint 
is somewhat stronger in tension before 
the flash is removed because of the added 
rigidity of the upset material; however, 
the notch effect at the weld line may 
cause a reduction of fatigue strength. 
When the design of the parts indicates 
that reinforcement is beneficial, a por- 
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tion of the upset material may be retained, 
d his material may be removed in a num¬ 
ber of ways, the most popular being by 
means of the following: 


1. Air chisels. 

2. Machine tools and cutting tools. 

o. Grinding wheels. 

4. High-speed burring wheels. 

5. Die trimming. 

6. Oxygen machining or cutting 

torch. 

7. High-speed sander. 

8. Flash trimmer. 

The above methods are in use on 
various applications, the choice depending 
on the type of operation. When welding 
alloys steels, the removal of flash by 
means of cutting tools is often difficult 


due to the fact that the removal of this 
material often tends to hide defects. 
There are several other non-destructive 
inspection methods which have been used 
with varying degrees of success, but none 
of which actually will locate all types of 
defects. Magnetic particle inspection will 
indicate small inclusions and discontinui¬ 
ties, as well as cracks, provided that 
they are of sufficient size and in such a 
location that an indication may be obtained. 
Naturally, magnetic inspection is not 
applicable on non-magnetic materials and 
its use has been rather limited for the 
inspection of flash welds with the excep¬ 
tion of certain critical joints wherein all 
steps possible are taken to obtain 100% 
performance. 


Table 1 Recommended Maximum Joint Lengths for Flash Welding Flat Sheet 


Max. 

Sheet Joint 

Thickness, In. Length, In. 


Sheet 

Thickness, In. 


Max. 

Joint 

Length, In. 


0.010 

1.00 

0.020 

5.00 

0.030 

10.00 

0.040 

15.00 

0.050 

20.00 


0.060 

25.00 

0.080 

35.00 

0.100 

45.00 

0.125 

57.00 

0.187 

88.00 


due to the hardness of the flash, and 
either grinding or oxygen cutting is 
usually employed. It is generally easier 
to remove the flash immediately after 
welding while the material is still hot. 

Tooling .—In flash welding, the welding 
dies usually carry current to the parts to 
be welded, as well as clamping them. It 
is, therefore, necessary to use a die mate¬ 
rial of the right physical properties to 
properly accomplish the clamping, as well 
as proper electrical characteristics to carry 
current to the parts. Many material's 
have been developed for this use. A 
description of them will be found in 
Chapter 15. In the design of these 
welding dies, it is important that adequate 
water cooling be provided to avoid 
changes in mechanical properties caused 
by elevated temperatures. 

Inspection and Testing 

The most prevalent method of inspecting 
flash welds is by means of visual inspec¬ 
tion of the weld. It is usually necessary 
that the appearance be judged prior to 
removing the flash and upset material. 


Radiographic inspection of flash welds 
to date has not been wholly satisfactory 
because small defects which are known 
to be detrimental cannot be brought out 
on the radiograph. Radiographic tech¬ 
nique for the location of flash welding 
defects may be developed in the future, 
but at the present time its application is 
extremely limited. 

In some cases good inspection is auto¬ 
matically obtained by stressing the ma¬ 
terial well above the yield point in sizing 
operations. Where uniform high strength 
is imperative, the assembly may be proof 
loaded to design specification. Destructive 
testing of a percentage of the assemblies 
welded has also been employed with good 
results. 

Macrographic examination is very satis¬ 
factory for determining whether or not 
the machine is properly set up to weld 
a particular assembly but is not usually 
employed as a regular inspection pro¬ 
cedure. 

When automatic welding machines are 
used, it is most important to make sure 
that the setup remains constant after 
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production starts, because there is little 
that the operator can do to influence 
welding conditions or weld quality. 

Flash welds may be tested by most 
means available for testing the base 
properties of the metal. The following 
properties of a flash weld may be in¬ 
vestigated in addition to those previously 
mentioned. 

1. Hardness. 

2. Tension. 

3. Tension impact 

4. Fatigue. 

5. Bending. 

6. Cupping. 

7. Corrosion resistance. 

8. Metallographic structure. 

With the proper application of the 
flash-welding process, it is possible to 
obtain high joint efficiency, provided the 
joint has been properly designed and 
the proper steps have been taken to obtain 
a metallurgically sound weld area. 

The reliability and speed of the operation 
as well as the fact that the training of 
operators is not difficult (when using the 
automatic types of machines), have done 
much toward making flash welding prac¬ 
tical on high production applications. 


signed to handle only the basic cycle re¬ 
ferred to early in this chapter. Many 
of the lighter flash-welding machines are 
provided with platen motion by means of 
a variable speed cam driven by an electric 
motor through a speed reducer. Many 
of the heavier machines are hydraulically 
operated and equipped so that the speed 
of the platen motion may be changed. 

In fully manual operation, the operator 
controls the speed of the platen from the 
time that flashing is initiated until the 

upset is completed. In semi-automatic 
operation, the operator usually initiates 
flashing manually after which the rest 
of the cycle is completed automatically. 
In fully automatic operation, the pieces 
are loaded into the machine after which 
the cycle is completed automatically. 

Further discussion of flash-welding 
machines is given in Chapter 15 of this 
Handbook. 

Controls and Auxiliary Equipment 

Electrical controls on flash-welding 
machines are primarily designed to start 
and stop the current supply to the welding 
transformer and to sequence the motion of 
the movable platen. The contactor for 


Tablo 2—Recommended Maximum Diameters for Flash Welding Tubing 


Wall 

Thick¬ 
nesses, In. 

Max. 
Tubing 
Diameter, In. 

0.020 

0.50 

0.030 

0.75 

0.050 

1.25 

0.062 

1.50 

0.080 

2.00 

0.100 

3.00 


Wall Max. 

Thick- Tubing 

nesses. In. Diameter, In. 


0.125 4.00 
0.187 6.00 
0.250 9.00 
0.375 15.00 
0.500 20.00 


I herefore, development of applications for 
the process has been accelerated, and 
indications are that its importance in 
production will continue to grow. For 
further information on methods of in¬ 
spection and tests see Chapter 42. 

EQUIPMENT USED 

Machines 

Flash-welding machines may lx* either 

manual, semi-automatic or fully automatic 
in their operation. Most of the equipment 
being manufactured today is either semi¬ 
automatic f»r fully automatic and is de¬ 


making and breaking the power supply 
may be either magnetic or electronic in 
operation. Although the use of electronic 
contactors is becoming more general, 
mo>t installations still utilize magnetic 
equipment. The controls for automatic 
flash-welding machines in some instances 
are capable of sequencing all of the steps 
lifted earlier in this chapter. However, 
most of the control equipment in service 
is designed to use the basic cycle without 

Preheat, post heat or any other special 
operations. 

further information concerning con¬ 
trols and auxiliary equipment for flash- 
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welding machines is included in Chapter 
15 of this Handbook. 

COMMON APPLICATIONS 

Merits and Limitations 

In recent years flash welding, wherein 
the heat is generated by the flashing action 
has come to be much more widely used 
than upset welding, partly because it 
makes possible the end-to-end welding 
of sheets and other extended sections, 
and also because it affords a number of 
distinct advantages. These include: 

1. Higher weld strength. 

2. Special preparation of weld sur¬ 
faces not generally necessary. 

3. Lower instantaneous power de¬ 
mand. 

4. Lower power consumption. 

5. Higher production rate. 

6. Smaller upset. 

7. Better heat concentration. 

8. Dissimilar metals may be welded 
since flashing may be continued until 
both metals reach their widely varying 
individual fusing temperatures. (See 
discussion of Heat Balance earlier in 
this chapter.) 

Flash welding, with these main features, 
has replaced upset welding in many opera¬ 
tions. However, it should be noted that 
there are certain advantages in upset 
welding that make it preferable for some 
work. 

1. The spatter of flash welding is 
not present. 

2. There is very little ragged ex¬ 
trusion of material. 

3. Usually the upset is smooth and 
symmetrical, although more pronounced. 

Materials Welded 

Flash welds are most commonly em¬ 
ployed in joining two pieces of metal end 
to end or in welding one piece of material 
to a projecting part of another piece. 
Typical applications include the welding 
of two shafts, tubes or strips of steel 
together or the welding of a forging or 
casting either to another forging or to 
some standard section. Another applica¬ 
tion is in welding strips or bars to form 
rings, such as wheel rims. For any of 
these applications to be practical, it is 
necessary that the cross-sections of the 
two pieces being joined be nearly identical. 
In most instances either upset or flash 
welding could be utilized, but for the 


reasons listed previously, tile use of flash 
welding is usually preferable, especially 
on heavier sections, on extended sections 
and when dissimilar metals are involved. 

In the following discussion, the weld¬ 
ability of various metals by the flash¬ 
welding process is considered from the 
standpoint of the number of steps which 
are necessary to insure good welds. Steels 
of low hardenability may be welded with¬ 
out preheat or postheat with an excellent 
probability of obtaining consistently good 
results. As the hardenability of the 
steel increases, it is necessary to resort 
to combinations of preheat and postheat 
to make the welded joint as good as that 
obtained in steels of lower hardenability. 
It is generally considered that flash weld¬ 
ing is satisfactory on almost all types of 
"teel, provided the proper steps are taken 
to obtain a sound joint. Combinations of 
•'teels such as high-speed tool steel to 
low-carbon steel are welded satisfactorily, 
although it is usually necessary to employ 
special procedures to equalize the differ¬ 
ences in hardness, fusion temperature, 
electrical and thermal conductivity, geome¬ 
try and crack-sensitivity. Most of the non- 
terrous metals are welded satisfactorily. 

I he procedures and techniques required 
are varied and any particular case must be 
considered individually. 

Flash welding of cast iron has been 
successful only to a limited extent. Lead, 
tin, zinc, antimony, bismuth and alloys 
in which they are the principal con¬ 
stituents, as well as copper alloys in 
which any of the above metals are present 
in large percentages, are not generally 
recommended for flash welding application. 
With these exceptions, the process usually 
can be considered applicable to almost 
any combination of metals, regardless of 
their dissimilarity, though the necessity 
for special procedures and techniques 
might make certain applications imprac¬ 
tical. 

Industries Using Flash Welding 

The flash-welding process is being used 
generally by almost all the fabricating in¬ 
dustries in the United States. It is proba¬ 
bly most important in industries with high 
production schedules. Its use in job shop 
fabrication or industries with low pro¬ 
duction is limited, due to the expense of 
manufacturing tooling and establishing 

welding procedures. 

Reference is made in Chapters 54 and 
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55 to the use of flash welding in con¬ 
junction with manufacturing automotive 
and aircraft products. The process is 
also used widely in the manufacture of 
household appliances, refrigerators, farm 
implements, etc. 

RECOMMENDED PRACTICES FOR 

FLASH WELDING 

In correlating the material for these 
Recommended Practices, it is necessary 
to define the process variables and then 
to specify the method of measurement 
of some of these variables. Such defini¬ 
tions with the accompanying definition 
chart are given in subsequent paragraphs. 

When employing these practices and 
considering the definitions, it should be 
realized that neither all flash-welding 
equipment nor all flash-welding schedules 
make use of all the listed variables. 

I he most common applications use no 
preheating, dual flashing currents or post¬ 
beating, but consist of flashing at a 
single current, followed by upsetting. 
Most equipment now in production per¬ 
forms only these two functions. 

The use of these data is intended to 
aid in establishing successful welding 
procedures. No inference is intended 
that variations cannot be made from these 
data, but the exact degree of variation 
which may be made and still produce 
welds of optimum quality is not known. 

Definitions 

See Flash-Welding Definitions Chart. 

Fig. 12. 

7.1— Weld Line is the plane of fusion 
<>f the welded parts. 

7.2— Hash is the extraneous material 
which is thrown and extruded from 
the weld line during the flashing and 
upsetting actions. 

7.3— Initial Die Opening (A, in.) 
is the distance between the dies when 
the work-pieces first contact. 

7.4— Material Lost (B, in.) is the 
total length of material that is used 
in making the weld. 

7.5— — Final Dir Opening (C, in.) is 
the distance between the dies at the 
eomnletion of the weld. 

76 —Total Flash-Off (D , in.) is the 
total length of material that is lost in 
flashing. 

7.7— Manual Flash-Off (F, in.) is 

tlie length of material that is lost in 
flashing while the flashing is controlled 
manually. 


7.8— Automatic Flash-Off (F\ in.) 
is the length of material that is lost 
in flashing while the flashing is con¬ 
trolled automatically. 

7.9— Preheating Loss (G, in.) is the 
length of material that is lost as the 
result of the preheating action. 

7.10— Total Upset (H, in.) is the 
length of material that is lost as the 
result of the forging action. 

7.11— Material X Lost (J, in.) is the 
length of Material X that is used in 
making the weld. 

7.12— Material Y Lost (K, in.) is 
the length of Material Y that is used 
in making the weld. 

7.13— Initial Extension, Material X 
(L, in.) is the dimension from the 
die which clamps Material X to that 
point on Material X which first con¬ 
tacts Material Y. 

7.14— Initial Extension, Material V 
(M, in.) is the dimension from the die 
which clamps Material Y to that point 
on Material Y which first contacts 
Material X. 

7.15— Final Extension, Material X 
{N, in.) is the dimension from the die 
which clamps Material X to the Weld 
Line at the completion of the weld. 

7.16— Final Extension , Material V 
(P, in.) is the dimension from the die 
which clamps Material Y to the Weld 
Line at the completion of the weld. 

7.17— Travel at /, ( Q, in.) is the 
dimension the movable platen (Material 
Y) travels during the flashing current, 

.7.18 —-Travel at L (R, in.) is the 
dimension the movable platen (Material 
Y) travels during the flashing current, 

/ 2 . 

7.19— Spring-Back (in.) is the deflec¬ 
tion of the welding machine when 
making the weld. 

7.20— Preheating Time (sec.) is the 
time during which preheating is taking 
place. 

7.21— Manual Flashing Time (sec.) 
is the time during which flashing by 
manual control is taking place. 

7.22— Automatic Flashing Time (sec.) 
is the time during which flashing by 
automatic control is taking place. 

7.23— -Time at Flashing Current I, 
(sec.) is the time during which flashing 
with current I\ is taking place. 

7-24—7 ime . at Flashing Current /•_» 
(sec.) is the time during which flashing 
with current h is taking place. 

7.25—Upsetting Current Time (sec.) 
is the time during which upsetting cur¬ 
rent flow is taking place. 

. 7-26 —-Upsetting Time (sec.) is the 

time during which upsetting is taking 
place. 

7.27—Welding Time (sec.) is the 
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SPRING-BACK(ASSUMED ZERO) 

(7.19) 

-FINAL DIE OPENING (C)- 

.(7.5) 

FINAL EXTENSION (N)-*U-FINAL EXTENSION (P) 
(7-15) (7.16) 


MATERIAL LOST (8) 
(7.4) 


MATERIAL X 
(7.13) 


APPLICATION OF „ 
UPSETTING FORC& 
(7.32) 
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(7.1) 
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(7.11) 
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(7.10) 
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. AUTOMATIC _ 
FLASH-OFF(F) 
(7.6) 
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(7-3) 
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(7.13) 

INITIAL EXTENSION (L) 


MATERIAL Y 
(7.14) 

INITIAL EXTENSION (M) 


DIMENSIONS 


Welding Definitions 
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time during which flashing and up¬ 
setting are taking place. 

7.28— Post heating Time (sec.) is the 
time during which postheating is taking 
place. 

7.29— Clamp-Holding Time (sec.) is 
the time measured from the end of the 
postheating time (or end of upsetting 
time when no postheat is used) to the 
time at which the clamping force is 
released from the work-pieces. 

7.30— Welding Period (sec.) is the 
time that elapses from the start of 
the preheating time to the end of the 
clamp-holding time. 

7.31— Platen Force (lb.) is the force 
available at the movable platen to cause 
upsetting. This force may be dynamic, 
theoretical or static. 

7.32— Upsetting Force (lb.) is the 
force exerted at the welding surfaces 
during upsetting. 

7.33— Clamping Force (lb.) is the 
force exerted on the dies by the clamp¬ 
ing system. 

7.34— Preheating Force (lb.) is the 
force exerted on the welding surfaces 
during preheating. 

7.35— Preheating Current (rms. amp.) 
is the current that flows through the 
work-pieces during preheating. 

7.36— Flashing Current (amp.) is the 
current that flows through the work- 
pieces during the flashing. 

7.37— Upsetting Current (rms. amp.) 
is the current that flows through the 
work-pieces during upsetting. 

7.38— Postheating Current (rms. 
amp.) is the current that flows through 
the work-pieces during postheating. 

7.39— Secondary Voltage ( F , rms. 
volts) is the open-circuit voltage of 
the welding transformer measured on 
the secondary side. 

7.40— Load Voltage (V, volts) is the 
voltage across the work-piece while 
welding and postheating. 

7.41— Instantaneous Rate of Flash- 
Off (in. per sec.) is the instantaneous 
velocity of one work-piece relative to 
the other during flashing action and is 
the first derivative of such motion 
at a specified position. 

7.42— Average Rate of Flash-Off (in. 
per sec.) is the average velocity of 
one work-piece relative to the other 
during the entire flashing action. 

7.43— Instantaneous Velocity of Up¬ 
set (in. per sec.) is the instantaneous 
velocity of one work-piece relative to 
the other during upsetting action and is 
the fir^t derivative of such motion at 
a *-r»ecified position. 

7.44— Averaae Velocity of Upset (in. 
per sec.) is the average velocity of one 
work-piece relative to the other during 
the entire upsetting action. 


7.45— Flashing Time is the time dur¬ 
ing which the flashing action is taking 
place. 

For additional definitions see Chapter 1. 

Dimensional Measurements 

Dimensions of Material Lost; Ma¬ 
terial X Lost; Material Y Lost; Initial 
Extension , Material X; Initial Extension , 
Material Y; Final Extension, Material 
X; and Final Extension, Material Y are 
usually obtained by scale measurement 
of the work-pieces before and after weld¬ 
ing. 

Dimensions of Initial Die Opening: 
Final Die Opening ; Total Flash-Off; 
Manual Flash-Off; Automatic Flash-Off: 
Preheating Loss; Travel at h; and Travel 
at L are usually obtained by scale measure¬ 
ment of such items on the welding ma¬ 
chine. 

The Total Upset is most accurately 
measured by subtracting the sum of the 
measurements of Total Flash-Off and 
Preheating Loss from the measurement of 
Material Lost. The high speed of upset¬ 
ting together with the error introduced 
by Spring-Back of the machine makes it 
difficult to measure the Total Upset di¬ 
rectly and accurately. 

The dimension of Spring-Back is diffi¬ 
cult to measure directly and fortunately 
is not important as a weld variable. It 
assumes more importance as an equip¬ 
ment variable. 

Time Measurements 

The time intervals of Preheating 7 hue: 
Manual Flashing Time ; Automatic Flash¬ 
ing Time: Time at Flashing Current L: 
Time at Flashing Current h: Welding 
Time: Postheating Time; and Welding 
Period can usually be measured with a 
stop watch with sufficient accuracy, or 
can be taken from the chart of a record¬ 
ing instrument such as an oscillograph, 
recording ammeter, recording wattmeter. 

cycle counter, etc. # 

The Upsetting Current Time can be 

taken from the records of an oscillograph 
or recording ammeter, depending on. the 
length of the time and accuracy desired. 

The Upsetting Time can be most con¬ 
veniently taken from the record of a 

Platen Movement Recorder. 

The Clamp-Holding Time can be ob- 
tained by the use of a dial or chart. type 

cycle counter. 
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Force Measurements 

The Platen Force and Upsetting Force 
are of a transient nature and are influenced 
by the method of applying the forces, by 
friction, by inertia and by the opposing 
reaction of the material being upset. 
Consequently, it is difficult to obtain pre¬ 
cise measurements of such forces without 
elaborate strain gages, etc. There are 
no well-recognized simple approximate 
methods of measurement in use. 

The Clamping Force is usually calcu¬ 
lated, the effect of friction being considered 
when making such calculations. 

Current Measurements 

Preheating Current and Postheating 
Current can be measured by indicating 
or recording ammeters or oscillographs. 

The Plashing Current is very irregular 
due to the flashing action while making 
a weld. While an oscillograph record 
is an accurate indication of this current, 
such records are difficult to analyze 
readily. Records taken with recording 
ammeters are usually sufficiently accurate 
and permit easier analysis to the extent 
that such records are in common use. 
Io transfer data from one welding sched¬ 
ule to another by means of recording 
ammeters requires that such ammeters 
have equivalent damping characteristics. 
Standard methods are being developed for 
the calibration of the damping character¬ 
istics of recording ammeters. 

Upsetting Current can be precisely 
measured by an oscillograph or by pointer- 
stop ammeters for a slightly less, but 
generally satisfactory, degree of accuracy. 

Voltage Measurements 

Secondary voltage can be measured us¬ 
ing an indicating voltmeter. 

The Load Voltage is as irregular as the 
Plashing Current and can be measured by 
a recording voltmeter. 

Rates and Velocities of Flash-Off 

and Upset 

I he Average Rate of Flash-Off can 
be calculated from the Flashing Time 
and the Total Flash-Off. 

The Instantaneous Rate of Flash-Off , 
the Instantaneous Velocity of Upset and 
Average Velocity of Upset can be meas¬ 
ured by the use of any device which will 
satisfactorily record mechanical motion 
and time. 


Classification of Steels for Flash 

Welding 

d he values of the Upsetting Forces 
required for various sections of various 
steels are related to the temperature 
gradient of the work-pieces in the plastic 
zone and to the compressive strengths 
of the steels at these elevated temperatures. 

For consideration of applying the flash¬ 
welding process to steels, such steels are 
classified as follows and typical steels of 
the various classes are given : 

Low forging strength steels— This 
class is typified by SAE 1020, SAE 
1112, SAE XI112, SAE X1315, Cor-Ten, 
Man-Ten, Sil-Tcn, NAX 9115, Yoloy, 
Ductiloy, Cromansil, Republic RDS, etc. 

Medium forging strength steels— This 
class is typified by SAE 1045, SAE 1065, 
SAE XI335, SAE 3135, SAE 4130, SAE 
4140, NE 8442, NE 8640, NE 9440, NE 
9540, NE 9640, etc. 

High forging strength steels— This 
class is typified by SAE X4340, SAE 4640, 
stainless iron (12% chromium type), 
stainless steel (18-8 type), stainless steel 
(cutlery type), high-speed steel, Sil- 
( hroine, special tool, die and austenitic 
valve stem steels. 

F.xtra high forging strength steels — 
This class is typified by all steels ex¬ 
hibiting extra high compressive strengths 
at elevated temperatures such as Timken 
Alloy, etc. 

Flash-Welding Schedules 

Flash-welding schedules for welding 
tubing and flat sheets having thicknesses 
ranging from 0.010 to 1.00 in. are given 
in Jig. 13 and J able 3 and cover steels 
of low and medium forging strength. 

Flash-welding schedules for welding 
solid round, hexagonal, square and rec¬ 
tangular bars having an outside diameter 
of rounds or minimum dimensions of 
other sections ranging from 0.050 to 2.00 
in. are given in Fig. 14 and Table 4 
and cover steels of low' and medium 
forging strength. 

These schedules show' the necessary di¬ 
mensions for setting up a flash-welding 
machine to weld such sections and the 
total flashing time based on welding with¬ 
out preheating. 

No data are available as to the neces¬ 
sary flashing currents, rates and velocities 
of flash-off and upset required. 

When setting up a schedule, the dimen- 
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Monable variables and flashing time are 
selected from the tabulations and the weld¬ 
ing-machine voltage regulator adjusted 
to give the lowest secondary voltage, E, 
at which steady and consistent flashing 
can be obtained. The flashing current 
resulting from such voltage setting will 
then be at a satisfactory value. 

The secondary voltage, E, to obtain 
this satisfactory flashing current, is de¬ 
pendent on the electrical characteristics of 
the welding machine being used. 

The upsetting forces used for the sched¬ 
ules are dependent upon the class of steel 
as well as the section being welded. 


High Forging Strength Steels—25,000 
psi. of weld sectional area. 

Extra High Forging Strength Steels— 
35,000 psi. of weld sectional area. 


B. UPSET WELDING 

FUNDAMENTALS OF PROCESS 

Definition and General Description 

Upset welding is a resistance-welding 
process wherein coalescence is produced, 
simultaneously over the entire area of 
abutting surfaces or progressively along a 



5° TO 10 


5° TO 20° 

TUBING 

NOTE: WHEN "T" IS ^ OR THICKER 



FLAT SHEET 
BEVEL ONE WORK PIECE 


RECOMMENDED END PREPARATION 



T = TUBE WALL OR SHEET 
THICKNESS 

A = INITIAL DIE OPENING 
B = MATERIAL LOST 
C = FINAL DIE OPENING 


D 

H 

J 

L 


TOTAL FLASH-OFF 
TOTAL UPSET 

K = MATERIAL LOST PER PIECE 
M=INITIAL EXTENSION PER PIECE 


O.D. 

S 


OUTSIDE DIA.OF TUBING 
MINIMUM NECESSARY 
LENGTH OF ELEC - 
TRODE CONTACT 


Fig. 13.—Flash Welding of Tubing and Plat Sheets 


Experience indicates that the selection 
of equipment should be based on the fol¬ 
lowing values of recommended platen 
force and such values are based on the 
welding heat attained solely by flashing, 
i.e., no preheating: 

Low Forging Strength Steels—10,000 
psi. of weld sectional area. 

Medium Forging Strength Steels—15.- 
H00 psi. of weld sectional area. 


joint, by the heat obtained from resistance 
to the flow of electric current through the 
area of contact of the abutting surfaces. 
Pressure is applied before heating is 
started and is maintained throughout the 
heating period. 

Upset welding is the earliest form of 
resistance welding. It continues in use 
for many applications, ranging from the 
welding of small ferrous and nonferrou c 
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0010 o.l 10 0.060 0-050 0.040 0.020 0 030 0 055 

0-020 0.215 0.115 0.100 0.080 0-035 0-058 0-108 

—— ——— - ~ ---- — . 

0.030 0.325 0-175 0-150 0-125 0-050 0-088 0.163 

0.040 0.430 0.230 0-200 0.165 0-065 0-115 0-215 

0-050 0-530 0-280 0-250 0.205 0.075 0.140 0-265 

0.060 0-620 0-330 0-290 0-240 0-090 0-165 0-310 


0-070 0-715 0-385 0-330 j 0-280 0.105 0-193 0-358 

80 0.805 0-435 0-370 0315 0-120 0 218 0.403 


ESS 


0.090 0-885 0-475 0-410 0-345 0.130 0-238 0-443 

0.100 0-970 0-520 0-450 0.375 0-145 0-260 0-485 



1.060 


BS1 


0-490 


1.140 

0 610 


0.530 

0 440 

1.225 

0.650 


0.575 

0-4 70 

1.320 

0.700 


0.620 

~ - ■ ■ 

0.510 



L=M 

; INCHES 

FLASHING 

TIME 

SECONDS 

0055 

0-40 

0-108 

0-80 

0.163 

1.25 

0-215 

1.75 

0-265 

2.25 

0-310 

2.75 

0-358 

3-50 

0.403 

4.00 

0443 

4.50 

0-485 

5-00 

0 5 30 

5-75 

0 570 

6.25 

0.613 

7.00 



7.75 


1.390 0-730 0-660 ! 0.530 0 200 0.365 0695 


0 735 


1.470 0.770 0-700 ! 0-560 0-210 

0-170 I 1.540 0 800 0-740 I 0-580 




1-620 0-840J 0.780 | 0-610 
0-190 1.690 0.870 

0.200 1.760 0.900 

0-250 2.010 1.010 


0-300 2 245 1.120 1.125 


2.46 


2.6 


1.210 1.250 


1.290 



0-580 

0-220 

0-610 

0-230 

0-630 

0 240 

0-650 

0-250 

0-730 

0-280 

- - - 

0-610 

0.310 

0880 

0330 



0.930 

0.360 

0-970 

0-380 

-- 

1-020 

0.390 




0400 


0-420 0810 


0-435 0-845 
0450 0-880 
0-505 1.005 



9-75 


10-50 


11.25 


12.00 

16.00 


21.00 


27.00 


0.410 0-733 1520 


0 4 20 0.753 1.566 

1-125 | 0 430 0.778 1.623 

1-160 0-450 0605 1.680 


U 


1.210 ' 0 465 0-838 1 1.763 


0-480 0-865 



1-000 3.800 1.800 | 2.000 1-300 0-500 0 900 1.900 110-00 



s s 

WITH WITHOUT 
LOCATOR LOCATOR 


1-00 


1-00 


1.50 


1.75 


2.00 


2.50 


3-00 



0.250 

0-375 

0.312 


0-375 

0.375 

0-500 

0.375 

0. 750 

0.500 

1.000 

0.750 

1.50 

1.000 

2.00 

1.250 

2.50 

1.750 

3.00 

2.000 

3.50 

2.25 

4.00 

2.50 

4.50 

2.75 


2.75 

5-50 

3.00 



6-50 


7.00 


7.50 


800 


8 5 


900 


950 


1000 



NOTE : 


DATA BASED ON WELDING WITHOUT PREHEAT, AND FOR TWO PIECES 

OF same WELDING characteristics 

Sec Fig. 13 for assembly of parts. 

Table 3—Data for Flash Welding Tubing and Flat Sheets 
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o.d. A B C D H J = K L=M plashing 

INCHES INCHES INCHES INCHES INCHES INCHES INCHES INCHES SECONDS 


0.050 0.100 0-050 0.050 0.040 0.010 0.025 0.050 

0.100 0.182 0.082 0.100 0.062 0.020 0-041 0.091 

0.150 0.270 0.120 0.150 0.090 0-030 0.060 0.135 

0.200 0-350 0.150 0-200 O. I IO 0.040 0.075 0.175 

0.250 0.430 0.180 0.250 0.130 0.050 0-090 0.215 

0.300 0.510 0.210 0.300 | 0 .150 j 0-0 60 0.105 0.255 

0.350 0.600 0.250 0.350 0.180 0.070 0.125 0.300 

0.400 0.685 0.285 0.400 0.205 0.080 0.143 0.343 

0450 0.770 0.320 0.450 0.230 0.090 0.160 0.385 

0-500 0.850 0.350 0-500 0.250 0.100 0.175 0.425 

0.550 0.940 0.390 0.550 0.280 O. I IO 0.195 0.470 

0.600 1.025 0.425 0.600 0.305 0-120 0.213 0.513 

0 650 • -100 0.450 0.650 0.325 0.125 0 225 0-550 

0-700 1.180 0.480 0.700 0.350 0.130 0-240 0-590 

0.750 1.260 0-510 0.750 0-375 0.135 0.255| 0.630 


0.900 


1.150 


1.200 


0.40 

0.75 

1.15 

1.50 

1.90 

2.25 

2.75 

3.25 

3.75 

4.25 
5.00 

5.50 

6.75 

7.50 

8.25 



0.540 

0-800 

0.400 

0.570 

0.850 

0-425 

0-600 

0-900 

0.450 

0.630 

0.950 

0-475 

0660 

1.000 

0500 

0-690 

1.050 

0-525 

0.720 

1.100 

0.550 

0.750 

1.150 

0.575 

0.780 

1-200 

0.600 

0-610 

1.250 

0.625 

0.840 

1.300 

0.650 

0.900 

1.400 

0.700 

0960 

1.500 

0.750 

1.020 

1.600 

0.800 

1.080 

1.700 

0.850 

1.140 

1-800 

0.900 

1.200 

1.900 

0-950 

1.260 

2.000 

1.000 



| 0.270 

' 

T 

0.670 

9.00 

0.285 

0.710 

9.75 

0.300 

0.750 

10.50 

0315 

0-790 

11.75 

0-330 

0 830 

13.00 

0.345 

0-870 

14.75 

0.360 

0.910 

16.50 

0.375 

0.950 

18.25 

0-390 

0.990 

20.00 

0.405 

1.030 

22.50 

0.420 

1.070 

25.00 

0.450 

1.150 

30.00 

0.480 

1.230 

38.00 

0.510 

1.310 

45.00 

0.540 

1.390 

54.00 

0.570 

1.470 

63.00 

0-600 

1.550 

75.00 

0.630 

1.630 

90.00 


INCHES 

WITH 

LOCATOR 

WITHOUT 

LOCATOR 

0.250 

0.375 

1.00 

0.312 

0.375 

1.00 

0.375 

0.375 

1.50 

0.500 

0.375 

1.75 

0.750 

0 500 

2.00 

1.000 

0.750 

2.50 

1 50 

1.000 

3.00 

2.00 

1.25 



2.50 
3.00 

3.50 
4.00 

4.50 
500 

5.50 


1.75 

2.00 

2.25 

2.50 

2.75 

2.75 

3.00 


6.00 

3.25 

6.50 

3.50 

7.00 

3.75 

7.50 

4.00 

8.00 

4.25 

8.50 

4.50 

9.00 

4.75 

9.50 

— 

5.00 

— 



NOTES: 

1. DATA BASED ON WELDING WITHOUT PREHEAT, AND FOR TWO PIECES 
OF SAME WELDING CHARACTERISTICS 

2. VALUES APPLY ONLY WHERE RATIO OF MAXIMUM TO MINIMUM CROSS- 
SECTIONAL DIMENSION DOES NOT EXCEED 1.5 TO 1.0 

See Fig. 14 for assembly of parts. 

Table 4—Data for FlasH Welding Solid Round, Hex, Square and Rectangular Bars 
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strips and wire to the welding of longi¬ 
tudinal butt joints in tubing and pipe, and 
transverse butt joints in heavy steel rings. 

Principles of Operation 

In the application of the upset welding 
process, the parts are brought into solid 
contact as indicated in Fig. 15, and cur¬ 
rent is passed through the contact area 
until a sufficiently high temperature is 
generated to allow the forging of a weld 
between the two parts. The heat is 
generated mainly by the contact resistance 
between the two pieces, and in accordance 
with Joule’s law, H = KPRT. The con- 


welding in that no flashing from the abut¬ 
ting surfaces occurs at any time, the heat 
being developed solely by the resistance 
between the two pieces. 

Generally, the pressure and current are 
maintained throughout the entire welding 
cycle, although the pressure is usually 
started at a low value in order to increase 
the initial contact resistance between the 
two parts. This pressure is increased to 
whatever value is necessary to give a 
forging squeeze when the welding tempera¬ 
ture has been reached. When sufficient 
upset has been produced, the welding cur¬ 
rent is cut off and the pressure removed. 



O. D. OR LARGER-BEVEL ONE WORK PIECE 
RECOMMENDED END PREPARATION 


H<- A-S 

h C *1 


-1 i - 



O'o* a diameter of rounds or minimum dimension of other sections 

A= INITIAL DIE OPENING D=» TOTAL FLASH-OFF L= M = INITIAL EXTENSION PER PIECE 

B- MATERIAL LOST H= TOTAL UPSET S= MINIMUM NECESSARY LENGTH 

C= FINAL DIE OPENING J * K = MATERIAL LOST PER PIECE OF ELECTRODE CON TACT 


Fig. 14.—Flash Welding of Solid Round, Hex, Square and Rectangular Bara 


tact resistance is a function of the nature 
of the metals being joined, their surface 
condition and the unit pressure between 
them. This resistance is approximately 
in inverse proportion to the unit contact 
pressure, provided other factors remain 
constant. As heat is generated in the 
parts, however, the contact resistance 
changes until, when the weld is formed, 
the contact resistance becomes zero and 
the entire resistance is the resistivity of 
the parts. Upset welding differs from flash 


Following are the essential steps in 
the sequence of operations to produce an 
upset weld : 

1. Load machine. 

2. Clamp work. 

3. Apply welding pressure. 

4. Apply welding current. 

5. Apply upset pressure. 

6. Cut off current. 

7. Release pressure. 

8. Unclamp work. 

9. Return platen and unload 
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TINISMEO UPSET WELO 

F*ig. 15.—Elements of Upset Welding 

The best results will usually be ob¬ 
tained it the parts to be upset welded are 
equal in sectional area and resistance, 
if the metals to be welded are similar in 
composition but of unequal areas, the 
part having the larger area should pro¬ 
ject out of the clamping die somewhat 
farther than the other piece. If the metals 
are of dissimilar compositions, the metal 
ot higher electrical conductivity should 
project farther out of the die than the 
lower conductivity metal. To facilitate 
welding, the area of contact between the 
two parts to be welded is sometimes re¬ 
stricted by beveling the pieces at the abut¬ 
ting ends. 

In the upset welding of large areas of 
pieces that do not make good contact with 
each other, it is sometimes the practice 
to interrupt the welding current periodi¬ 
cally to allow heat to flow into the colder 
portions of the work, to prevent localized 
overheating and melting. 

In the progressive upset welding of 
butt joints, such as the longitudinal joint 
in welded tubing or pipe, the formed 
tube passes through rolls and wheel elec¬ 
trodes which provide the pressure and 
welding current. The amount of upset 
is regulated by the position of the rolls 
or welding wheels, and the required weld¬ 
ing heat is governed by the current pass¬ 
ing through the work and the speed 
at which the tube goes through the 
rolls. Figure 16 (a) shows the steel 
strip entering the strip guide assembly and 
the first stages of the forming section. 
The heat regulator, located behind the 
forming section, can be adjusted either 
manually or by phase shift control. Fig¬ 
ure 16 (b) shows the rotary-type, oil- 


cooled welding transformer with the con¬ 
trol cabinet visible behind it. This weld¬ 
ing equipment includes a dressing tool 
assembly for dressing the welding elec¬ 
trodes without removing them and a scarf¬ 
ing tool assembly which removes the upset 
metal after welding. As the third step 
the welded tube enters the straightening 
and sizing section, shown in Fig. 16 (c) 
after which it is cut to desired lengths. 
Other information concerning the equip¬ 
ment used for upset welding is contained 
in Chapter 15. 

For upset welding, it is usually necessary 
to machine the weld surfaces on rolled 
stock, forgings and castings. Stampings 
are usually trimmed in the die but some¬ 
times machined. In making upset welds, 
the welding surfaces must be clean and 
parallel and comparatively smooth, since 
otherwise the high spots may overheat and 
melt before the areas that are not in 
contact begin to heat. 

C. PERCUSSION WELDING 

FUNDAMENTALS OF PROCESS 

Definition and General Description 

The term percussive , or percussion zveld- 
tng, has of late years been abused by apply¬ 
ing it to certain types of welds made with 
very short timing. This is a mistake, 
however, because the principle of per¬ 
cussion welding is defined as “a resistance¬ 
welding process wherein coalescence is 
produced, simultaneously over the entire 
area of abutting surfaces, by the heat ob¬ 
tained from an arc produced by a rapid 
discharge of stored electrical energy, with 
pressure percussively applied during or 
immediately following the electrical dis¬ 
charge.” 

Since the only commercial applications 
of this process have been accomplished 
with the use of electrostatic capacitors, 
it must be considered as an electrostatic 
stored-energy system. It differs prin¬ 
cipally from the electrostatic system for 
spot welding in that no welding trans¬ 
former is employed. Instead, the con¬ 
denser discharge is applied directly to the 
weld. For a description of the equipment 
used in percussion welding see Chapter 15. 

Principles of Operation 

There are several variations of this 
process. The earliest method, as invented 












444 


WELDING PROCESSES 


by L. W. Chubb, utilized a low-voltage 
condenser connected to the two pieces 
to be welded and an electromechanical 
device for moving the pieces through the 
required pressure cycle. It was necessary 
in this process to first bring the work 
together; second, start the discharge of 
the condenser; third, draw apart the parts 
being welded* practically simultaneously 
with the discharge of the condenser in 
order to create an arc between the parts 
and thus obtain a partial surface melting 
of the parts ; and last, bring the parts to¬ 
gether again with a heavy impact blow. 

A subsequent improvement of this proc¬ 
ess made by Chubb replaced the condenser 
with an electromagnetic field, produced by 
sending direct current through the pri¬ 
mary of a transformer. Upon interruption 
of the current, the collapsing field induced 
current in the secondary winding, which 
was connected to the parts to be welded, 
and started the same mechanical cvcle 


volts potential is directly connected to 
the parts being welded which are held 
apart by latch 1 against the force of a 
spring or ail air piston. Upon the re¬ 
lease of latch 1, the movable part is pro¬ 
pelled toward the stationary part at a 
high rate of speed. When the air gap 
diminishes to about Vas to Via in., depend¬ 
ing on the condenser voltage, the gap 
breaks down, causing the condenser to 
discharge itself in this high frequency 
spark gap. 

By judicious design of the electrical 
and mechanical characteristics of the cir¬ 
cuit, a high-intensity arc can be produced 
of such short duration that its effect upon 
the parts being brought in contact is 
purely superficial—that is, only a surface 
layer of a few thousandths of an inch 
thickness on each part reaches molten 
*tate. 

The Vang process, at present probably 
t lie most common form of percussion weld- 



Fig. 17.—Schematic Sketch of Vang Method of Percussion Welding 


of striking an arc between the parts welded 
by drawing them apart and then forcing 
them together with an impact force. 

A third form of percussion welding, in¬ 
vented by F. C. Vang, consists in replacing 
the low-voltage condenser or electromag¬ 
netic field with a high-voltage condenser 
possessing sufficient potential to break 
across an appreciable air gap and thus 
obviate the necessity of first drawing apart 
the parts being welded in order to dis¬ 
charge the energy at the weld. 

Figure 17 shows a simple sketch of the 
principle utilized by the Vang process. 
Condenser C charged to several thousand 


ing, has certain features not found in any 
other welding process. 

To understand the operation of this 
process, it must be remembered that the 
duration of the arc is a matter of less 
than 0.001 sec., while the power expended 
in the arc is in the neighborhood of from 
200 to 300 kilowatts. Because of this 
and of the fact that all of the weld energy 
comes from this arc, the electrical re¬ 
sistance of the parts to be welded does not 
affect the amount of heat generated at 
the weld and substances of entirely dis¬ 
similar characteristics can be readily 
welded as, for instance, stainless steel 
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to aluminum or copper. In fact, it makes 
no difference what either the electrical 
resistivity or the melting temperature of 


cerning the machines, controls and aux¬ 
iliary equipment used may be found in 
Chapter 15. 



rig. 18.—Percussion Wold Between Copper and Steel 


250 



the part joined is as long as it is a 
reasonably good conductor of electricity, 
hurther, the extreme brevity of the are 
confines fusion to the surfaces of the parts 
welded and results in almost complete 
absence of flash. 


COMMON APPLICATIONS 

Since the total depth of the heat-affected 
zone is of the order of 0.010 in., heat- 
treated metals such as hardened steel, 
cold worked stainless steel, etc., can be 



rig. 19- Percussion-Walded Stud Teated to Destruction 


I’igure 18 shows a photomicrograph of 
a copper to steel joint. The total thick¬ 
ness of weld and heat-affected zones is 
less than 0.010 inch. Figure 19 shows 
a destructive test, made on a steel stud 
joined to a disk by this process. 

EQUIPMENT USED 

Although descriptive references have 
hecu made in discussing the fundamentals 
ot this process, additional information con- 


welded without annealing or otherwise 
destroying the heat treatment. For ex¬ 
ample, stellite tips can be joined to bronze 

va ve stenis an( l to stainless steel valve 
stems, and silver-graphite contact tips to 
copper stems by percussion welding. Since 
the heat-affected zone is only about 0.010 
>n. deep, it follows that the abutting sur- 
iaces must be accurately finished, and 
parallel with one another. 

It must be remembered that all per¬ 
cussive processes are confined to butt- 


446 


WELDING PROCESSES 


welded joints. In addition, since control 
of the path of any arc is difficult, the total 
area that can be joined at any one time is 
limited for best results to not over 1 2 3 4 5 6 7 8 9 U 
sq. in., and then only when it is reason¬ 
ably concentrated. It has been found that 
on larger sections the arc fails to dis¬ 
tribute itself uniformly over the entire 
area and cold or unwelded spots result 
in parts of the joint. 

In general it can be said that the process 
is suitable for joining pieces of rod, tube 
or pipe either to each other or to flat 


surfaces. Since this may be accomplished 
more economically by the flash-welding 
process, percussion welding is further con¬ 
fined to joining parts of completely dis¬ 
similar metals not normally considered 
weldable by flash welding, or of parts 
where complete lack of flash is imperative. 

An additional and rather obvious limi¬ 
tation of this process is that the parts to 
be joined must be separate, that is, a 
ring or a band cannot be formed by 
joining the two ends together. 
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FORGE WELDING* 


Definition and General Description 

Forge welding comprises a group of 
processes wherein the parts to be welded 
are brought to suitable temperature by 
means of external heating and the weld is 
completed by pressure or blows. The 
processes grouped under forge welding 
are hammer welding, die welding and roll 
welding. 

In all of the forge-welding processes 
the parts to be welded are brought to a 
welding temperature by means of a fur¬ 
nace. In hammer welding this is accom¬ 
plished frequently by placing a furnace 
over the work. 

Pressure is applied after the parts have 
been properly heated. The essential dif¬ 
ference between the three forge-welding 
processes is in the manner in which the 
pressure is applied. In hammer welding 
it is by blows of a hand or machine ham¬ 
mer; in die welding it is either by means 
of a bell or a mandrel and tube rolls; for 
roll welding it is by means of plate rolls. 

T he materials most commonly joined 
by forge welding are wrought iron which 
can be obtained in the form of bars, 
rounds, pipe, tubing, sheets and plates, 
and low-carbon steel (carbon content 
not exceeding 0.20%) which is similarly 
available in various forms. 

When wrought iron and steel are 
heated to high temperatures, such as used 
m welding, and are exposed to the air, 
they oxidize rapidly. To secure a good 
bond between two pieces, this oxide must 
be so fluid that it is squeezed out from 
between the surfaces. 

Clean silica sand and borax are two 
common fluxes used in forge welding. 
Horax, having a comparatively low fusion 

‘ Prepared by the Handbook Committee. 


point, is used on high-carbon steel. It 
can be placed on the steel at low temp¬ 
eratures, after chamfering, consequently 
supplying a protective coating, or sprinkled 
on the steel while heating. It serves a 
double purpose, lowering the melting 
point of the oxide, and preventing further 
oxidation. 

Silica sand is cheaper than borax and 
can be used on the low-carbon steels. 
Sand has a high melting temperature, but 
when combined with iron oxide it be¬ 
comes fusible at lower temperatures. It 
is generally sprinkled on the metal when 
the welding temperature is approached. 

Fluxes are not necessary in forge weld¬ 
ing of wrought iron and very low-carbon 
steel, because it is possible to melt the 

oxide without burning or melting the 
metal. 


Hammer welding is one of the oldest 
of the known welding processes. During 
the era of wagon travel and horse-drawn 
vehicles, blacksmith shops using hammer 
welding were in universal use Now. 
however, there are few of these shops to 
be found. For most industrial purposes 
hammer welding has been replaced gener¬ 
ally by other welding processes. The 
process is still used in a number of hard¬ 
ware and metal manufacturing applica¬ 
tions; in the railway field, it is still 
largely used for safe ending or piecing 
boiler flues. 


1 he most common current application 
of the roll-welding process is in the clad¬ 
ding of steel, described in Chapter 37A 
The most common current application 
of die welding is in the fabrication of 
Pipe. 1 his is described in Chapter 56. 

More complete information on the ap¬ 
plication of forge welding will be found 

in the references listed in the Bibliog¬ 
raphy. 
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THERMIT WELDING* 


FUNDAMENTALS OF PROCESSES 
Definition 

Thermit welding comprises a group 
of welding processes wherein coalescence 
is produced by heating with superheated 
liquid metal and slag resulting from a 
chemical reaction between a metal oxide 
and aluminum, with or without the ap¬ 
plication of pressure. Filler metal, when 
used, is obtained from the liquid metal. 


Nature Of Thermit And The 

Thermit Reaction 

Basic thermit is a mechanical mixture 
of finely divided aluminum and iron oxide 
in the form of magnetic iron scale. The 
proportions are, roughly, three parts of 
iron scale to one of aluminum. This 
mixture reacts according to the chemical 
formula: 


8A1 -f 3FcoO« = 9Fe -f- 4Al a Oa 


The temperature resulting from the re¬ 
action is computed to be more than 
5000° F. Due to the chilling effect of 
the crucible, however, the temperature of 
the liquid steel as poured into the mold 
for welding is slightly lower and has been 
measured at approximately 4500° F. 

The reaction is non-explosive and rela¬ 
tively slow, requiring about 30 seconds. 
No hazard is incurred in handling or 
storing the mixture as an initial tem¬ 
perature of 2000 to 2100° F. is needed 
tor ignition. To start the reaction, a 
special ignition powder, called starting 
thermit, is employed. 

Actual thermit mixtures used for weld¬ 
ing contain materials other than alum¬ 
inum and iron oxide. In preparing such 
mixtures many variables, controlling both 


, * Prepared by a committee consisting of T. R 
Hri non. Metal and Thermit Corp., Chairman; 
Tf ,) P e . lcr * Consulting Engineer; Merritt 


Smith, Metal and Thermit (' 


orp. 
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the time and the temperature of the re¬ 
actions as well as the chemical analyses 
of the resultant weld metals, must be 
considered. For example, through the 
addition of metallic elements, either by 
means of metallic pieces which are melted 
during the reaction, or in the form of 
combinations of oxides of elements with 
aluminum, a wide variation in the anal¬ 
ysis of thermit steel is provided. By the 
same means the tensile strength, ductility 
and hardness of the resultant steel are 
also controlled. For example, the tensile 
strength may be varied from 50,000 up to 
110,000 |)si., with corresponding elonga¬ 
tions in 2 in. of over 40' c to almost zero. 

Principles Of Operation 

In the pressure-welding process no 
weld metal is deposited and only the heat 
of the metal and the slag resuiting from 
the reaction are utilized. The parts to be 
welded are butted tightly together and 
enclosed in a removable mold which pro¬ 
vides a space between the inner surface 
of the mold and the parts. The products 
of the reaction are then poured into the 
mold in such a manner that the slag 
enters the mold first. The slag cools 
rapidly on contact with the metal parts 
and provides a layer of brittle glass-like 
material so that the thermit steel which 
follows does not fuse with or adhere to 
the surface of the parts. The thermit 
steel generally lies in the lower half of 
the mold with the alumina or slag in the 
upper half and both give up their heat to 
the pieces being welded. The steel and 
slag are allowed to remain until the ends 
of the pieces reach a welding heat, where¬ 
upon the pieces are forced together by 
means of clamps to make the pressure butt 
weld. . 1 he mold is then removed and the 
thermit steel and slag knocked off from 
around the weld. 

In the non-pressure thermit weld proc- 
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ess, which is more widely employed, the 
thermit steel is deposited as weld metal. 
This is the process used throughout in¬ 
dustry for welding heavy sections of fer¬ 
rous metals. 

In making a weld by this process, the 
first step is the lining up of the parts and 
the cutting of a parallel-sided gap at a 
point where the weld is to be made, the 
width of the gap depending on the size 
of the section. Around the break or 
joint, a wax pattern is formed and a re¬ 
fractory sand mold is built which pro¬ 
vides an annular space at the weld. The 
part is then preheated by means of kero¬ 
sene and air blown into the mold through 
an opening. Preheating, which continues 
until the parts reach red heat, serves to 
burn out the wax of the pattern and to 
dry out the mold. Reaction is started by 
means of a small quantity of starting 
thermit placed on top of the thermit in a 
specially designed crucible. When the 
reaction is completed the crucible is 
tapped, allowing the thermit steel to run 
into the mold. This steel, having great 
superheat, and being held in place be¬ 
tween and around the ends of the parts to 
be welded, gives up its superheat to these 
parts, fusing and solidifying with them 
upon cooling. 

Characteristics Of Thermit Welds 

A typical range of analyses of the steel 
produced by forging thermit and em¬ 
ployed for welding is : 

Element c/ 0 

Carbon .0.25—0.35 

Manganese .0.40—0.60 

Silicon .0.09—0.20 

Sulfur .0.03—0.04 

Phosphorus . 0 . 04 —0.05 

Aluminum .0.07—0.18 

A thermit weld of this composition has 
an average tensile strength of about 
72,000 psi., with a yield strength of about 
36,000 psi. In fact, although thermit 
weld metal resembles a cast steel, it 
actually has physical properties closely 
approaching those of forged steel. 

Since thermit steels are produced 
through the reduction of extremely pure 
iron oxide by an almost perfectly pure 
aluminum they possess these physical 
properties as cast. Ordinary cast steels 
are produced from pig iron and other im¬ 
pure materials. On solidifying, the im¬ 
purities tend to gather along grain bound¬ 
aries so that fractures in cast steel always 


occur along the grain boundaries within 
areas of impurity. The purity of the 
thermit ingredients, however, eliminates 
most of this grain boundary condition and 
fractures in thermit steel occur almost 
without exception through the grains. 

Description Of Materials, Equipment 
And Methods Of Making Welds 

Most commonly used thermits for weld¬ 
ing ferrous metals are : 

Plain Thermit —a mixture of finely 
divided aluminum and iron oxide which 
is the basis for all thermit mixtures. 

Forging Thermit —which is plain 
thermit with the addition of ferro-man- 
ganese and mild steel punchings and is 
used in welding steel. 

Cast-Iron Thermit —consisting of 
plain thermit with additions of ferro- 
silicon and mild steel punchings, used 
for welding cast iron. 

Wobbler I'hermit —consisting of plain 
thermit with manganese and carbon ad¬ 
ditions and designed to produce a hard 
wear-resistant machinable steel for 
building up worn wabblcr ends of rolls 
and pinions in steel mills. 



Fig. 1.—Thermit Automatic Crucible 


Crucibles —The thermit reaction takes 
place in a magnesite-lined crucible (Fig. 
1) which has at the bottom a hard, 
burned magnesite stone (AA). Into this 
stone a smaller magnesite stone or 
thimble (BB) is fitted, providing a chan¬ 
nel through which the thermit steel may 
run. Before being inserted, the thimble 
(BB) is wrapped with one thickness of 
uncreased paper. The thimble is then in¬ 
serted in the stone and plugged by sus- 
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pending the tapping pin (F) through the 
thimble and placing over it the asbestos 
washers (£) and the metal disc (D). 
The disc ( D ) is covered with refractory 
sand (C), the entire contents of the pack¬ 
age furnished being used in each crucible. 

Charging the Crucible .—Charging the 
crucible consists simply of placing in it 
the correct quantity of thermit. Before 
charging, however, it is important to mix 
the thermit thoroughly. Then a small 
quantity is placed gently on top of the 
plugging material before pouring the re¬ 
mainder into the crucible. 


to preclude further use, crucibles may 
be completely relined. 

Preheaters .—The regular thermit pre¬ 
heater (Fig. 2) operates with compressed 
air and kerosene. It is fitted with one or 
two burners, as desired, and with needle 
valves to give close regulation of the mix¬ 
ture of air and fuel so that good combus¬ 
tion may be obtained at all times. 

For general work the double burner 
preheater is more satisfactory as it per¬ 
mits the use of one burner for preheating 
and the other for expanding. This is 
essential where one member of a double 



Fig. 2.—Single- and Double-Burner Preheaters. 


Showing Water Separators Attachment 


lamping the Crucible .—The crucible is 
tapped by knocking the tapping pin 
sharply upward into the crucible with a 
tapping spade or flat piece of iron ap¬ 
proximately 17a in. X 7* ill. X 4 ft. 

long. 

1 he thimble is removed by gently 
knocking it upward; a new thimble is 
used for each reaction. After crucibles 
have been used for several reactions, they 
may wear at the bottom and additional 
care must then be used in plugging to 
.avoid self-tapping. Worn crucibles can 
lie patched with magnesia tar to prolong 
their life. When linings are so far gone 


bar frame is being welded, for while the 

parts to be welded are being preheated, 

the opposite member can be heated with 

the second burner and expanded to avoid 

residual shrinkage stresses when the weld 

cools. In large welds the two burners 

are required and operate through two 
heating gates. 

The crucible and preheater comprise 
the only permanent pieces of apparatus 
required for thermit welding in general 
repair work. Details of various size 
crucibles are given in Table 1. 

Molding Material .—It is highly im¬ 
portant that proper molding material, 




452 


WELDING PROCESSES 


generally a mixture of high silica sand 
and plastic clay thoroughly mulled to¬ 
gether, be used in thermit welding. The 
use of impure materials may result in 
blow-holes or glass-like inclusions in the 
weld metal. Material with poor binding 
qualities may cause breaking down of 
parts of the mold and result in burned 
base metal or lack of fusion between base 
metal and weld metal. 

Making The Weld 

Most thermit welds, whether in crank¬ 
shafts, stern frames of ships or heavy 


the cutting operations, as well as all dirt 
and grease, must be removed as far back 
as the mold box extends. Then when the 
mold is rammed, there will be no grease 
to burn out during preheating which 
might leave a space between the mold and 
the parts to be welded. 

Allowing for Contraction .—To make 
up for the contraction of the weld when 
it cools, the gap between parts is in¬ 
creased V 10 to V* in. depending on the 
.size of the weld. In some cases, the in¬ 
creased space may be obtained by simply 
separating the parts and in other cases by 


Table 1—Details of Automatic Crucibles, Lining Materials, Cones, Stones, and Thimbles 

I Weight 
of Mag¬ 
nesite 
Tar re¬ 
quired 
for Re- 
Iitting, 
Pounds 

20 

35 

44 

46 

50 

44 

52 

59 

90 

152 

209 

243 

286 

400 

835 

1145 


steel mill rolls, are made in more or less forcing the sections apart with a jack 

the same general way. The following de- or other mechanical means. In other 

scription, therefore, is for the purpose of cases, it will be necessary to expand by 

covering a typical welding operation. heating the member opposite to the 

The special features peculiar to particular section being welded. Under certain cir- 

applications are covered in the section cumstances, in order to confine the heat 

headed applications. or to preheat other parts, a small fire- 

Preparation of Joint .—To gage the al- brick or sheet-iron furnace is built around 

lowance to be made for contraction of the the member being expanded. This, how- 

weld as explained later on, it is desir- ever, is done only at time of preheating, 

able, after lining up the parts in prepa- Care should be taken not to overheat for 

ration for cutting the gap, to place tram expansion, a black heat being sufficient, 

marks on the parts to be welded. These In allowing for contraction of a thermit 
marks are made at points outside of the weld, the actual contraction of the small 

areas to be covered by the mold box. amount of thermit steel in the space be- 

The metal may then be cut out along the tween the pieces being welded is not the 

line of fracture with an oxy-acetylene important factor. It must be remem- 

torch so that a straight-sided gap of from bered that during preheating the ends of 

3 /s to 2 3 /i in. is provided. The amount the pieces at the fracture expand or 

of opening depends on the size of the sec- approach each other by the amount of 

tion to be welded (see Tables 2 and 3). expansion of the adjacent parts from the 

Cleaning .—The sections must be thor- heat absorbed. Actually, therefore, the 

oughly cleaned. All oxide and scale from contraction at the weld may vary from 
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Vie to V* in. Allowing for such con¬ 
traction is, however, a comparatively 
simple matter. For example, if the 
fracture is opened up V« in. to allow for 
contraction and if, during preheating, 
the parts approach each other almost 
Vi in. due to expansion of adjacent 
members, the parts being welded should 
be very nearly in line after welding. 
In welding large sections, relatively 
greater allowances are made for contrac¬ 
tion than in smaller sections because pre¬ 
heating requires more time and conse¬ 
quently the heat is absorbed further along 
the parts causing greater expansion and 
an increased tendency to close up the gap 
at the fracture. 

Wax Pattern .—The next step is the 
making of the wax pattern, which is 
formed around the parts to be welded in 
the exact shape of the collar of thermit 


all weight is removed from the sections 
being welded. Figure 4 shows the design 
of the mold box. 

In ramming the mold a small amount 
of molding material is placed in the box 
and rammed hard, first around the edges 
and then in toward the center, the mold 
being kept level at all times. The mate¬ 
rial is packed as tightly as possible 
and care is taken that the parts under¬ 
neath the pattern are all well rammed. 
The thickness of molding material from 
the edge of the collar need not be greater 
than the width of the collar and in 
many cases can be less except at the 
end of the mold where the pouring gate is 
located, and a thicker section may be 
necessary. 

Gate Patterns .—The wooden heating 
gate pattern is set at the lowest point of 
the wax pattern and leading out to the 



ie 

ycllow 
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3,-M.thod Employed in Constructing Molds for Making Thermit Welds and Materials Needed 


steel desired in the finished weld. The 

opening between the ends of the parts is 

also filled with wax, as shown in Fig. 3. 

A vent hole, not shown in the drawings, 

is provided extending through the wax 

pattern from the preheating gate to the 

riser. A convenient way to do this is to 

imbed a ‘A-in. diameter cord in the wax. 

Pulling out the cord after the pattern has 

been formed leaves the required vent. The 

pattern is made of yellow wax warmed 
until plastic. 

Molds .—The mold box is placed in 
position and securely blocked up so that 


trout of the mold box where an opening 
is provided for it. Where sections to be 
welded are of the same size, this heating 
gate is centered directly on the wax pat¬ 
tern. If a light section is being welded 
to a heavy section, however, the preheat¬ 
ing opening in the mold is directed more 
toward the heavy section in order to as¬ 
sure more uniform heating of the two 
sections. Molding material is then added 

and rammed to the level of the heating 
gate pattern. 6 

With the heating gate provided for, an¬ 
other wooden gate pattern is set in a 
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Table 2 Thermit Weld Dimensions and Portions for Rectangular Sections 


Sedas 

WkJUi 

laches 


Biser Diameler 








Seetiee 

red Height 

xl Indus 

Haight 

Inezes 

Collar 

Inches 

He. 

locte 

On. 

Peering Gates 

He. On. 

Heating Gates 

He. Die. 

Cmmarimg Gates 

Ho. Dia. 

Thermit ftaqgi 
Pounds( 

2* 2 

7 /u 

l'/2xV,4 

p 

1 

Va 

1 

y4 

1 

1/4 



6 

2x 2 

2x 4 

Vu 

l S /.4*Vl4 

1 

Ya 

1 

i 

1 

1/4 

- - 


12 

2x 4 

3x 3 

9 /u 

2 Vl 4*V| 4 

1 

i 

1 

i 

1 

1/4 

- - 


12 

3x 3 

3x 6 

"/.6 

2%x‘Vl4 

1 

l 

1 

i 

1 

Wa 



25 

3x 6 

4x 4 

"/«4 

2 S /8*"/.4 

1 

i 

1 

i 

1 

Wa 



25 

4x 4 

4x 8 

7 /s 

3 7 /.4* 7 /s 

1 

1 

I 

i 

2* 

Wa 

, 

- 

50 

4x 8 

5x 5 

,3 /u 

3'/ax 3 /. 4 

1 

i 

1 

i 

1 

Wa 


— 

50 

5x 5 

5x 8 

» S /l4 

3 1 3 /| 4* ' V, 4 

1 

i 

1 

1/4 

2* 

Wa 



75 

5x 8 

6x 6 

,5 /u 

3 5 /ax'V.4 

1 

l'/4 

1 

1/4 

2* 

Wa 

, 

- 

75 

6x 6 

6x 9 

l'/.4 

4 5 /.4xl'/4 

1 

Wa 

1 

Wa 

1 

Wa 

1 

•'/4 

100 

6x 9 

7x 7 

1 

4»/ 8 xI 

1 

Wl 

1 

Wa 

2* 

Wa 

_ 


100 

7 x 7 

7x10 

I'/e 

4' 3 /,4xl'/a 

1 

2 

1 

Wa 

1 

Wa 

1 

1/4 

125 

7x10 

8x 8 

I'/s 

4V 8 xI'/ 8 

1 

Wa 

1 

Wa 

2* 

Wa 



125 

8x 8 

8x12 

1 Va 

S'/i*Wa 

1 

iy 4 

1 

Wa 

1 

Wa 

1 

1/4 

175 

8x12 

9x 9 

» 3 /.4 

5’/ 8 * 1 3 /l 4 

1 

2 

l 

1/4 

2* 

Wa 

__ 


150 

9x 9 

9x13 

l 3 /8 

5Vl4xl 3 / 8 

1 

2 

1 

Wa 

1 

Wa 

1 

1/4 

225 

9x13 

10x10 

'V.4 

5V.4XIV.4 

1 

2'/ 4 

1 

Wa 

1 

Wa 

1 

1/4 

200 

10x10 

10x15 

i 

6 5 / 8 xI'/ 2 

1 

2Va 

1 

1/2 

2* 

Wa 

— 


325 

10x15 

1 Ixl 1 

1 % 

<>'/i4xl 3 /a 

1 

2 Va 

1 

1/2 

2* 

Wa 

1 

1/4 

250 

1 Ixl 1 

1 1x16 

IV 14 

7'/.4xIV,4 

1 

2 Va 

1 

1/2 

2* 

1/2 

1 

1/2 

400 

11x16 

12x12 

•V.4 

6'/ 2 xIV.4 

1 

2'/ 2 

1 

1/2 

2* 

1/2 

1 

1/2 

300 

12x12 

12x18 

l"/l4 

7y4*l"/.4 

1 

2'/2 

1 

1/2 

2* 

I /2 

1 

1/2 

500 

12x18 

13x13 

1 Vl 4 

7xlV,4 

1 

2'/ 2 

1 

1/2 

2* 

1/2 

1 

1/2 

375 

13x13 

13x19 

» 3 /4 

8 3 /,4xiy4 

1 

2'/2 

2 

1/2 

2 

1/2 

2 

1/2 

675 

13x19 

14x14 

IVs 

7 7 /,4xiy8 

1 

2'/2 

2 

1/2 

2 

1/2 

2 

1/2 

500 

14x14 

14x20 

* ' 3 /l 4 

8V 8 xl'3/ IA 

1 

2'/2 

2 

2 

2 

1/2 

2 

1/2 

800 

14x20 

15x15 

l"/.4 

7 7 / 8 xI"/ u 

1 

2 y 4 

2 

1/2 

2 

1/2 

2 

1/2 

600 

15x15 

15x22 

1 1 Vl 4 

9Vi4xI' 5 /|4 

1 

2% 

2 

2 

2 

1/2 

2 

1/2 

975 

15x22 

16x16 

Wa 

8'V.4xiy 4 

1 

2 y 4 

2 

2 

2 

1/2 

2 

1/2 

700 

16x16 

16x24 

2 

9'V.4X2 

1 

2 y 4 

2 

2 

2 

1/2 

2 

1/2 

1150 

16x24 

18x18 

1 * Vl 4 

9V,4xI'V,4 

2 

2'/ 4 

2 

2 

2 

2 

2 

2 

950 

18x18 

18x26 

2V,4 

I0'V,4x23/ |A 

2 

2'/ 4 

2 

2 

2 

2 

2 

2 

1525 

18x26 

20x20 

2'/, 4 

»0'/.4x2'/.4 

2 

2'/ 4 

2 

2 

2 

2 

-2 

2 

1225 

20x20 

20x30 

2 Vl 4 

l2«/,4-2Vl4 

2 

2'/ 4 

2 

2 

2 

2 

2 

2 

2000 

20x30 

22x22 

2 3 /l4 

1 0' Vl 4*2 3 /i4 

2 

2'/2 

2 

2 

2 

2 

2 

2 

1550 

22x22 

22x32 

2Vi 

!2y 8 x2'/ 2 

2 

2'/2 

2 

2 

2 

2 

4 

2 

2475 

22x32 

24x24 

2V,4 

" ,3 /l 4X25/, 4 

2 

2'/2 

2 

2 

2 

1 % 

2 

iy4 

1875 

24x24 

24x36 

2 5 /« 

• 4 l / 8 x2 Ve 

2 

2'/2 

2 

2 

2 

2 

4 

2 

3125 

24x36 

26x26 

2V.4 

I2"/|4X2V.4 

2 

2'/2 

2 

2 

2 

2 

2 

2 

2275 

26x26 

26x38 

2% 

•4' 5 /.4x2y 4 

2 

2'/2 

2 

2 

2 

2/4 

4 

2 /, 

3700 

26x38 

28x28 

2V,4 

l3'/jx2y IA 

3 

2'/2 

2 

2 

2 

2 

2 

2 

2775 

28x28 

28x42 

2'V.4 

I6'/ 8 x2'S/ |& 

3 

2'/2 

2 

2 

2 

2/2 

4 

2/2 

4675 

28x42 

30x30 

2"/i4 

H 3 /e«2"/ 14 

3 

2/2 

2 

2 

2 

2/4 

2 

2/4 

3275 

30x30 

30x45 

3*/l4 

•73/ IA x3«/ lt 

3 

2/2 

2 

2 

2 

2/2 

4 

2/2 

5525 

30x45 


* Includes one seporofe bock healing gate. 

x Thermit required includes provision for a 10% excess of steel in slag 
basin for a single pour and a 20% excess for a double pou[. 


Formula upon which obove table is based: — 

—N? / 

Gap ■ \/ Area 

3.6 

Thickness of collar at center « • G ap 
Width of collor — 3'"\/Area 

10 


plus twice gap 


In computing dimemion* ond Thermit required, the following were u»ed.— 
length of ri*er “ width of collor. 

Volume of collar “ 0.8 the rectongulor volume of collor. 

long dimeniion of lection olwoy* coniidered vert^al. 

POURING CATES AND RISERS NO T TAPERED • 
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Table 3—Thermit Weld Dimensions and Portions for Round Sections 


tkawtn 

Mm 

6a 

Me 

il 

tier Oia 

lache 1 

Paorinj Gale 

Ho. OH. 

Htatiat Gate 
He Oia. 

Comacttti Gate 
Ho. Oia. 

Tfeamit fiaotmad Oia. 
Poondj (x) (octal 

2 

7.4 

iy8* 7 /,4 

% 

74 

1 

I'/a 

— 

— 

5 

2 

3 

V,4 

t %*V, 4 

1 

1 

1 

I'/a 

— 

— 

11 

3 

4 

y. 

2y 8 *y. 

1 

1 

1 

I'/a 

— 

—- 

25 

4 

5 

Vi 

2'7,4*7, 

l«/4 

1 

1 

I'/a 

— 

— 

25 

5 

6 

% 

37,4* 7 /. 

l'/4 

I'/A 

1 

I'/a 

— 

— 

50 

6 

7 

'7,4 

3%*'7,4 

l Va 

I'/l 

1 

I'/a 

— 

— 

75 

7 

8 

1 

47 , 4*1 

l'/a 

174 

1 

I'/a 

— 

— 

75 

8 

9 

I'/e 

478*1 Vt 

l'/2 

l'/2 

1 

l'/a 

— 

— 

125 

9 

10 

•7.4 

5 '/l 4 * 1 7,4 

l'/2 

17j 

2* 

l'/a 

— 

— 

150 

10 

M 

1 '/a 

57 , 4*1 V4 

IT, 

I'/l 

2* 

I'/a 

— 

— 

175 

11 

12 

« 5 /.4 

57j* 1 7 ,4 

1% 

l'/2 

1 

l'/a 

1 

I'/a 

200 

12 

• 3 

17,4 

6 7,4* 17,4 

174 

I'/a 

1 

I'/i 

1 

I'/a 

250 

13 

14 

I'/l 

6 ,, /,4«I'/i 

'74 

l'/2 

1 

l'/a 

1 

I'/i 

300 

14 

• 5 

•V,4 

7'/e-lV,4 

2 

I'/a 

1 

*'/2 

1 

l'/a 

350 

15 

16 

l S /« 

7'/i«l% 

2 

I'/a 

1 

l'/a 

1 

I'/a 

425 

16 

IS 

1% 

87,4*174 

V/a 

2 

, 

2 

1 

2 

575 

18 

20 

t 7 /. 

9'/8*l 7 /8 

272 

2 

1 

2 

1 

2 

750 

20 

22 

2 

9? /e*2 

274 2 

2 

2 

2 

2 

2 

1050 

22 

24 

2'/e 

IOV8-2'/. 

3 2 

2 

2 

2 

2 

2 

1325 

24 

26 

21/ 4 

tl 7 /,4*2'/4 

3'/, 2 

2 

2 

2 

2 

2 

1600 

26 

28 

2% 

127, 4*2 7| 

3'/2 2 

2 

2 

2 

2 

2 

1925 

28 

30 

2'/j 

I2'7,4*2'A 

3'/ 2 2 

2 

2 

2 

2 

2 

2275 

30 

•Includes one seporofe bock heoting gale. c 

*. . . . rotmsj\Q upon which oboe table is based; — 

* Therm,! required includes provision for a 10% excess of sieel In slog 

Iw. . 1 . . . _ . _ w _ A __ 



IVI 

y ».ngio pour ono O excess for o double pour. 


Cop » \/ Areo 

3.6 

Thicknei, of collor ot center _ 
Width of collor - s'Sy Area 

Gap. 

twice gop. 



'wing were u»ed.— 


, 10 
compur.no d,men,lorn end Thermit required the followino 
length of ri,er > width of collor. 

Volume of collor - 0.8 the rec.ongulor volume of collor. 

pouring gates and risers not tapered. 
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Fig. 4.—Design and Materials Required for Standard Mold Box in Making Thermit 
Welds on Sections up to 6 ! /j x 8 In. in Size. Larger Mold Boxes Are in Proportion 


vertical position directly above it and To prevent crumbling of the molding 

placed an inch away from the wax pat- material under the blast of the preheat- 

tern to provide a pouring gate. Molding ing flame, it must be particularly well 
material is then added and rammed, a rammed around these patterns, 

little at a time, until, except for the de- „ . r 

pression at the top which provides a slag , Draw . ,n Rs for various patterns are 
basin, the mold box is filled. As a last S lown in 

step, molding material is troweled away Riser .—Following the ramming of the 

from the top of the pouring gate to pro- molding material around the heating and 

vide a larger opening and a shelf onto pouring gate patterns, a wooden riser 

which the thermit steel may be tapped. pattern, as shown in Fig. 5, is placed at 
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the highest point of the wax pattern and 
the mold box is then rammed up solid. 
If there is more than one high point, a 
riser is required for each. 




Method, of 
making- Vent 
7?is ers wi th Wax 




Fig. 6.—Design of Riser for Vertical Weld 


Riser for Vcrtical IVelds .—In case of 

a weld on a vertical member, provision 

for supplemental risers above the weld i> 

made in order to provide vents and allow 

the thermit steel to fill the mold com¬ 
pletely. 

Supplemental risers for vertical welds 
may be made by applying wax 3 /,« in. 
thick on the upper section from the top of 
the wax collar pattern to the level of 
the top of the mold. This forms an effi¬ 
cient vent at the top of the collar, as well 
as providing the desired riser, and the re¬ 
sulting thin slab of thermit steel may be 

readily cut away after the weld is com¬ 
pleted (Fig. 6). 

Venting of Mold .—When the mold is 
completely rammed, the top is hollowed 
out to provide a catch basin for the slag, 
and a channel provided connecting the 
riser and pouring gate openings. 

The next step is to vent the mold 
thoroughly with a vent rod made from 
8 " to W-gage wire. Venting is an im¬ 
portant factor in that it permits the es¬ 
cape of gases from the liquid metal. Vent 

holes to be useful should not reach the 
wax collar. 

A typical mold with risers, gates and 
vents is shown diagrammatically in 

Tig. 3. 


Completing Mold .—Wooden patterns 
for the various gates and risers are re¬ 
moved after tapping them gently to 
loosen them and any loose sand that 


may have fallen into the holes is re¬ 
moved with a molder’s lifter. The 
openings are then covered so that 
nothing may fall into them and the 
crucible, which has been plugged in 
accordance with directions already 
given, is placed in position with the 
bottom about 10 in. above and over the 
shelf at the entrance of the pouring gate. 
Where the crucible cannot be so placed, 
a runner is constructed of molding ma¬ 
terial to lead the liquid steel into the 
mold. 

Preheating .—Preheating is done with 

the usual thermit preheating equipment 

which blows finely atomized kerosene 

with compressed air into the heating gate, 

the mold acting as the combustion 
chamber. 



V"* *y\r rovicled with Extension Rina 

for Holding Additional Quantity of Thermit 9 

In starting the preheating operation, 
the burner ot the preheater is set to point 
into the heating gate but is placed about 
1 in. away from the opening. The blast 
is applied gently at first to avoid cutting 
the mold while it is still damp. The wax 

'’Y™, bumS aWay ’ leavin S a Perfect 
mold the exact shape of the desired weld 

Heating is continued until the mold is 

thoroughly dry and parts to be welded 

' " a fl good w orkable heat. Regulation 
of the flame is accomplished by reducing 
or increasing the air pressure so as to 
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make the hotter part of the combustion crucible at least 1 inch. Such a ring 

chamber at the lower portion or the upper is generally 8 to 24 in. high and requires 

poi tion of the weld, as required. luting with fire clay. 

Preheating is extremely important and Plugging Heating Gate .—When the 
must be thorough. To test the heat, the sections to be welded have attained 

burner is removed for a period of 1 to 4 proper heat, the covers over the openings 

min., depending on the size of the weld, are taken off, the preheater burner is 

and if parts are still red and no dark quickly removed and directed down the 

spots appear, it is safe to assume that riser for a moment or two, or down the 
sufficient heat has been absorbed. pouring gate if the riser is inaccessible, 

Charging the Crucible .—While preheat- in order to blow out any dirt or sand 

ing is in progress, the crucible which pre- which may have fallen into the mold, 

viously has been plugged, may be charged, The heating gate is plugged by pushing 

as already outlined. No starting thermit a dry sand core, a piece of fire brick 

should be added until it is time to ignite shaped to fit, or an iron plug, into the 

the thermit. If the thermit charge heating gate until it meets the shoulder 

comes higher in the crucible than 2 in. provided for the purpose, as shown in 

from the top or if it is necessary to tip Fig. 8. This plug is backed by tamping 

the crucible, a ring, as shown in Fig. 7, molding material into the heating gate 

is added to give more height to the cru- behind it. 

cible. This ring should be sufficiently Igniting Thermit .—The thermit is ig- 
smallcr than the crucibles in diameter nited by means of a special starting ther- 

to permit its being set down into the mit. A small quantity of this powder 



Fig. 8.—Method of Plugging Heating Gate 
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(half a teaspoonful is ample) is placed 
on top of the thermit in the crucible and 
the powder is touched off with a red hot 
rod or wire. When a large quantity of 
thermit is to be reacted, the starting 
thermit is poured in several criss-crossed 
lines on top of'the thermit before ignit¬ 
ing it. Reaction begins immediately and 
ample time must be allowed for its com¬ 
pletion. Approximately 35 sec. after ig¬ 
niting the thermit, however, it is safe to 
tap the crucible as has been previously 
directed, permitting the contents of liquid 
steel to run into the mold, and the alumina 
slag to run into the basin provided for the 
purpose on top of the mold. 

Cooling Precautions .— When contrac¬ 
tion has been allowed for by jacking the 
pieces apart, the jack should be left in 
position until the thermit steel has cooled 
sufficiently to take this load. Likewise, if 
expansion has been obtained by heating 
a parallel member, heating should be con¬ 
tinued until the weld begins to contract, 
when it can be stopped and the two parts 
allowed to cool together. The length of 
time that the jack or preheater burner 
may be left in place after making the 
weld depends largely on the size of the 
sections and the length of tlie preheating. 

Annealing the Weld .—After the weld 
is made, the weld metal may be thor¬ 
oughly annealed by allowing the mold to 

remain in place overnight, or for at least 
six hours. 

. Finishing the Weld .—After the mold 
is removed, the risers and gates are cut 
away with an oxy-acetylenc torch, and. 
in the case of shafts or similar parts, the 
collar of thermit steel is machined off 
completely, if desired. 


Quantity Of Thermit Required 

The quantity of thermit required for 
welding sections of different sizes is 
shown in Tables 2 and 3. 

Quantities may also be calculated, how¬ 
ever, from the weights of the wax pat¬ 
terns When the supply of wax is 
weighed before and after making the pat¬ 
tern, the difference gives the weight of 
the wax used in the pattern. Then for 
every pound of wax used, the steel from 

“Y b : of thcrmit is required. When cal¬ 
culating by this method, it is, of course 

essentjal that the entire space to be 

hlled with thermit steel be filled with 
wax. 


Calculating the quantity of thermit in 
advance of making a weld is also possible 
by estimating the total number of cubic 
inches of space to be filled with thermit 
steel and allowing three-quarters of a 
pound of thermit for each cubic inch. 
7 kis allowance provides sufficient steel 
for welds, gates and risers. 


COMMON APPLICATIONS 


Thermit Welding is employed through¬ 
out industry for both fabrication and re¬ 
pair of heavy sections of ferrous metal 
such as those encountered in housings, 
frames, shafts and other parts of heavy 
machinery and equipment, including stern 
frames of ships. Thermit welding is also 
used in welding rails on street railways 
and steam railroads, in coal mines and on 
the runways of heavy cranes. In addi¬ 
tion. it has been employed extensively by 
steel mills for the reclamation and emer¬ 
gency repair of broken rolls, pinions, and 
similar parts, as well as for the replace¬ 
ment of metal worn away in service on 

such parts as wabblcrs of rolls and pin- 
ions. 


n . * ° .dim 

small castings or oxygen-cut shapes ther¬ 
mit welded together into the design of 
heavy units, the cost of heavy pieces can 
often be reduced to a fraction of what it 
would be if large intricate castings were 
employed. The difficulties of obtaining 
sound metal where verv large castings 
must be poured are eliminated. At the 
same time, many of the inherent delays 
of cast construction can be avoided and 
production can be effectively speeded. 

his is particularly true where changes in 
design arc involved or entirely new units 
are to be built, since welded' fabrication 
eliminates the costly, time-consuming 
making new patterns. 
v\ "lie many of these same advantages 

mW ‘° , r Clded fabrieatio "s involving 
other welding processes, where very 

heavy sections are involved, the thermit 

ln°ZT7 , b£ the °' 1,y » ra «i<*' -ethod 
In the first place, preparation of parts fo- 

thermit welding is simpler than that re- 
u ualiv t °K 1Cr We,din * mctb °d* and 

cu in- bC accorn phshed by flame 

• n T"f . e,1 ™ natln ff the need for machin- 
ng of intricate joint designs, always a 
S 0 \\, expensive operation. Also, time re- 

constr ^ 16 r mit weldin *. including the 
construction of molds and preheating, fc 
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invariably much less than that needed to 
deposit weld metal layer by layer, by arc 
welding. As already explained, a prop¬ 
erly made thermit weld has no high 
locked-in internal welding stresses and 
therefore stress relieving is unnecessary. 

Crankshaft Repairs 

In the repair of crankshafts and other 
shafts, including rudder stocks and cross 
heads, the important feature is the proper 
control of expansion, contraction and 
other factors which may lead to mis¬ 
alignment or defects after welding. 

Alignment .—Such repairs may be made 
using supporting blocks (Fig. 9). The 


end. After this new end is welded on, it 
is machined down to the proper diameter 
and any slight misalignment is automati¬ 
cally corrected. 

Steel Mill Repairs 

Welding Necks on Rolls and Pinions .— 
Where the neck is broken off a roll or 
pinion, it is generally more satisfactory, 
instead of welding the broken piece back 
on, to replace it with an entirely new 
piece. The new part, which is cast or 
torged slightly oversize, is welded on in 
the usual way and then machined to 
proper diameter and alignment. 

Puilding Worn Wobblers .—Where 



Fig. 9.—Proper Design of V-Blocks for Welding Crankshaft 


longer end of the shaft is clamped rigidly 
in place while the shorter end, left free to 
move in the line of the weld, is set at such 
a distance that when the weld cools and 
contracts, the short end of the shaft is 
drawn back into approximate alignment. 
In such work it is usual practice to sub¬ 
stitute a new forging for the short end. 
slightly larger in size than the original 


wabblers are badly worn away or bat¬ 
tered, it is best to cut away the worn sec¬ 
tion and weld on a new neck, as outlined 
above. If the wear is not too great, how¬ 
ever, the worn parts may be satisfactorily 
rebuilt with thermit steel. Wabbler ther¬ 
mit, especially designed for this purpose, 
is used and the resulting deposited metal, 
while machinable, is sufficiently hard and 
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tough to provide longer wear than the 
original metal in the piece. 

New Teeth in Large Pinions .—Repairs 
of this sort usually consist of replacing 
teeth, or parts of teeth, which have been 
broken or worn away. They represent a 
different problem from the ordinary weld 
in that the tooth is a comparatively small 
projection in an extremely heavy steel 
forging or casting. If repaired in the 
usual way, the heat would be carried 
away so quickly from the point at which 
the. weld was being made, particularly 
during the interval of removing the pre¬ 
heater burner and tapping the crucible, 
that in many cases no weld would result. 


bring up the heat slowly, as there is some 
danger of cracking the pinion (Fig. 10). 

Rail Welding 

On Street Railways 

The welding of street railway rails has 
proved one of the fields of greatest use¬ 
fulness for thermit welding, having been 
standard practice for the past 30 years on 
most of the street railways in the United 
States. This process has eliminated rail 
joints, and effectively prolonged rail life 
and does away with joint maintenance. 
In the welding of rails with thermit, 
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Everything possible, therefore, must be 
done to conserve the heat at the weld and 
it is usually necessary to heat the entire 
pinion to a red heat. This is done by 
bricking in the heavy parts and preheat¬ 
ing with oil or gas burners, operated in 
conjunction with the regular preheater, 
while the preheating of the weld is under 
^ ay. Care must be taken, however, to 


the same general procedure is followed as 
in other work. Through simplification, 
such as the use of permanent patterns and 
other refinements, however, the process 
has been.adapted to the making of quan- 

lties of identical welds on almost a pro¬ 
duction basis. 

There are two methods by which ther¬ 
mit welds are made on street railway rail. 
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One is with the use of inserts while the 
other involves undercutting the rail ends. 

Inserts .—In this method, an insert cut 
from a piece of rolled steel having the 
same analysis as the rail itself is placed 
between the rail heads at the running sur¬ 
face. 1 he liquid thermit steel poured into 
the gap between the rail ends below the 
insert, fuses with the webs and bases of 
the rails and the bottom and rear sur¬ 
faces of the insert, effecting a weld be¬ 
tween these portions. 

Simultaneously, the insert and the ends 
of the rail heads are brought to welding 
heat and the expansion of the rails from 
the intense heat of the weld, as well as 
the contraction of the thermit steel as it 
cools, causes the rail ends to exert tre¬ 
mendous pressure against the insert re¬ 
sulting in a butt weld of rail heads and 
insert. 

Undercutting .—Where undercutting is 

employed, no inserts are used but rail 

heads are butted tightly together and a 

gap is. cut in the webs, bases and lips of 

the rails at the joint to provide space for 

deposition of the weld. The overhanging 

portions of the rail heads actually form 

an attached insert and are welded in much 

the same way as when a separate insert is 
used. 

Recently the design of the thermit rail 
weld for street railways and the equip¬ 
ment employed have been so perfected 
that it is possible to weld rails during the 
day on busy streets without interrupting 
traffic. Cars continue to operate over the 
track being welded throughout the entire 
process except for a short period during 
which the thermit reaction takes place 
and the weld is poured. Either inserts or 
undercutting may be employed in welding 
under traffic. 

On Railroads 

A comparatively recent development in 
thermit rail welding is in the railroad 
field where the tendency is toward greatly 
increased operating speeds and the rail 
joint problem has become acute both from 
the standpoint of safe operation and from 
that of maintenance expense. While more 
or less experimental in nature, a number 
of installations of continuous rails made 
up of quantities of standard rails thermit 
welded into long, jointless stretches are 
proving that the difficulties that were 
anticipated from expansion and contrac¬ 
tion are by no means serious. In fact, 


with the type of track fastenings em¬ 
ployed in the installation of these long 
rails, it is found that continuous rails, a 
mile and more in length, have little or no 
difference in movement at their ends be¬ 
tween winter and summer than individual 
39-ft. rails. 

In addition to the above, thermit rail 
welding is employed by a number of rail¬ 
roads for welding short stretches of rail 
into continuous lengths through highway 
crossings, at station platforms, etc., where 
maintenance of mechanical rail joints 
would be difficult and might entail fre¬ 
quent opening of pavement. 

Pressure Fusion Weld .—One type of 
thermit rail weld used in welding steam 
railroad rail is known as the pressure 
fusion zueld. In this type of weld the 
bases and webs of the rail are fusion 
welded while the heads are welded by 
pressure alone and a full butt weld of 
the rail heads is assured. 

In making the pressure butt weld, heat¬ 
ing of the heads to welding temperature 
is brought about by means of the slag 
from the thermit reaction. The molds are 
so constructed that this slag completely 
surrounds the heads at the joint when the 
weld is poured. Pressure for butt weld¬ 
ing is obtained by means of rail clamps 
which are drawn up to squeeze the rail 
heads together when they have been suffi¬ 
ciently softened by the heat of the slag. 

Full Fusion JVcld .—Another design of 
weld employed in welding of railroad rail 
is the so-called full fusion weld which 
is similar to the welds used in street rail¬ 
way work except that neither inserts nor 
undercutting are employed. Instead, a 
gap is left between the rail ends and ther¬ 
mit steel is poured into this gap to pro¬ 
vide a fusion-weld of base, web and head. 

In Coal Mines 

In coal mines, where the majority of 
main haulage track is electrified, main¬ 
tenance of rail joints and bonds is an 
important item. By substituting thermit 
welds for rail joints this maintenance ex¬ 
pense is avoided and, at the same time, 
because of tHe improved electrical conduc¬ 
tivity of the rails, power consumption is 
reduced appreciably. 

Thermit welding of coal mine track is 
carried on in exactly the same way as in 
the standard method of welding street 
railway track. 



THERMIT WELDING 


Because of the generally restricted 
working space available and the lighter 
weight rails encountered, however, the 
equipment employed in mine work has 
been scaled down and preheaters, clamps, 
mold boxes and crucibles are all consider¬ 
ably smaller than those used in the open. 

Special Work 

An interesting and important additional 
application of thermit rail welding is the 
making of frogs, mates and crossings out 
of short lengths of rail welded together 
into desired designs. Even elaborate 
pieces are readily fabricated in this way, 
using the same equipment and methods 
that are employed in track welding. 
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Locomotive Repairs 

Locomotive repairs made by the ther¬ 
mit process include repairs to broken 
frames, driving wheel spokes and the like. 

This work differs little from general 
repair work except that in most cases the 
sections to be repaired are members of 
more or less complicated castings or forg¬ 
ings and in order to maintain proper 
alignment, careful attention must be paid 
to the control of expansion and contrac¬ 
tion during welding. 

Cast-Iron Repairs 

The thermit process, while entirely 
suitable for the welding of cast iron, can¬ 
not be used on all work of this nature be- 



Fig. 11. Completed 90 Deg. Frog and Method of Welding 


Special work of this type is economical 
to fabricate and is amply rugged (Fig. 
11). Compromise joints may also be 
made in this manner and have the advan¬ 
tage of being continuous pieces of rail 
varying in section rather than compli¬ 
cated and comparatively costly mechan¬ 
ical joints. 

Where only an occasional piece of 
special work is to be fabricated, wax pat¬ 
terns are used rather than the permanent 
patterns used in track welding. Molds 
are rammed on the rail very much in the 
same way as in making a thermit repair 
to a shaft or machine frame. When a 
number of pieces are being made contin¬ 
ually, however, the procedure is readily 
i educed almost to a manufacturing basis 
through the use of sets of permanent pat¬ 
terns designed to fit various rail sections 

an< l adjustable to different angles of inter¬ 
section. 


cause of the dilhculty under certain con¬ 
ditions of allowing properly for the 
shrinkage of the weld metal when it 
cools. Contraction of thermit steel is ap¬ 
proximately double that of cast iron so 
that, generally, if the length of the crack 
to be welded is more than eight times the 
thickness of the section, the difference in 
shrinkage along the line of fracture will 
result in small hairline cracks in the weld. 

hese cracks, however, appear perpen¬ 
dicular to the line of the weld and are not 
always of great importance so far as 
strength is concerned. 

Marine Work 

\ cio Construction 

In addition to repair work, thermit 
welding is also used in the marine field 
or the fabrication of heavy parts. The 
stern frames of practically all of the 
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Fig. 12.—Typical Marine Repair 


several hundred Liberty and Victory 
ships built lor the L\S. Maritime Com¬ 
mission, for example, were fabricated in 
this manner. Ships classified as C-l. C -1 
and C-3, which are to be equipped with 
contra-rudders for greater speed, have 
stern frames made in five sections, ther¬ 
mit welded to form the complete frames. 
The thermit welding of these frames as 
compared with a mechanized type of joint 
or with arc-welded construction resulted 
in the elimination of a considerable 
amount of machining and a corresponding 
saving in time and expense. 

Repairs 

I he thermit process is used extensively 

mr 


in the marine field for welding broken 
>tern posts, stern frames, rudder frames, 
rudder posts, shafts and propeller struts. 
It has been approved by all leading under¬ 
writers for this class of work. 

1 he methods employed are similar in 
every respect to those used in general re¬ 
pair work and usually consist of welding 
at the point of fracture. In some cases, 
however, where there is more than one 
break or where considerable defective 
metal must he replaced, it is desirable to 
install a new billet or forging to replace 
the defective part. The new section is 
simply welded in place by means of two 
thermit welds. Figure 12 shows a typical 
marine repair. 
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CHAPTER 20 


INDUCTION WELDING* 


INTRODUCTION 

The heating of metals can be achieved 
by two general methods : The metal can 
be heated by exposure to an external 
source, such as a flame, an oven, an arc ; 
or it can be heated internally by passing 
an electric current through it. If the cur¬ 
rent is supplied by connecting the metal 
to a battery or generator, the method is 
known as resistance heating. If the cur¬ 
rent is produced, or induced within the 
metal itself, the process is called induc¬ 
tion heating. 

The existence of the induced current 
can be explained in the following manner. 
When a conductor is placed in a magnetic 
field that is changing with time, an elec¬ 
tromotive force is generated within the 
conductor. If the ends of the conductor 
are joined so that a closed circuit is 
formed, a current will flow. The magni¬ 
tude of the electromotive force, or volt¬ 
age, is proportional to the rate of change 
of the magnetic field. If the rate of 
change, or frequency, of the field is rapid, 
large voltages can be generated. The 
presence of large potential differences in a 
closed circuit will cause correspondingly 
large currents to flow. 

Frequencies above 300 cycles per sec¬ 
ond are used in the industrial field of 
electrical heating. Large sheets of steel 
are warmed to accelerate the drying of 
paint by exposing them to magnetic fields 
in the range of 360 to 960 cycles per sec¬ 
ond. 

Frequencies of 3000 cycles are often 
used for the melting of small pots of 
metal. The metals are brought to a melt¬ 
ing point in a very few minutes through 
the current induced by the windings of 
the inductor coil. The windings do not 
touch the metal, but merely surround it. 
The heating is caused by the high-fre- 


Prepareil by R. J. Bondley, General Elec¬ 
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quency current no matter how the current 
is produced. 

Still higher frequencies, up to about 
300,000 cycles per second can be pro¬ 
duced by spark-gap equipment. Above 
this range, the generators are limited to 
electronic oscillators. Figure 1 illustrates 
one of the major circuits in use. Section 
R represents schematically the mercury- 
tube rectifier used to convert the 60-cvcle 
output of the high-voltage transformer to 
the direct current utilized by the oscil¬ 
lator circuit S. 

Section T is a portion of the circuit 
consisting of the inductor coil surround¬ 
ing the work or metal to be heated. 
Kquipment of this type is widely used by 
industry for heat treating, hardening, and 
•'•ddcring or brazing. 

The induced high-frequency currents 
commonly employed in heating metal 
parts to soldering or brazing temperatures 
may also be used to weld metals. The 
fundamental principle is very simple. A 
high-frequency induced current is made 
to flow through the edges of the parts to 
be joined; these edges suddenly melt, and 
form narrow strips of liquid metal. Be¬ 
cause of their cohesive properties, these 
strips of molten metal flow together and 
form a bead that bridges the joint. The 
entire operation is carried out in a few 
hundredths of a second. 

I he reduction of this simple principle 
to a practical welding installation may 
require considerable equipment and ex¬ 
perience. As in most forms of resistance 
welding, the magnitude of the current 

and the time interval must be accurately 
controlled. 

The heating of the metal is caused by 
the I R loss, I being the induced high- 
frequency current. The first fundamental 
requirement of induction welding is that 
the parts to be joined must constitute a 
closed path or short-circuited turn. This 
fact excludes seam welding and, in gen¬ 
eral, indicates that the entire area being 
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Fig. 1 .—Electrical Circuit for Induction Welding 


joined must be melted with a single ap¬ 
plication of power. Thin-walled cylinders 
or discs of the type illustrated in Fig. 2 
are the most ideal shapes for welding. 



Fig. 2. —Ideal Shapes for Induction Welding 


Here the areas being heated are deter¬ 
mined by the geometry of the parts as 
well as by the shape and proximity of 
the inductor coil. 

EQUIPMENT USED 

Since high-frequency currents flow 
mainly on or near the surface of metals 
and since only the part of the metal that 
carries the current is heated, the weld is 
limited to shallow areas. In fact, the 
depth of penetration of the current is 
proportional to f being the fre¬ 

quency of the induced current. Thus, the 
higher the frequency, the more pro¬ 
nounced is the skin effect. If the fre¬ 
quency is lowered, the current penetrates 
deeper and a larger volume of metal is 


heated. More power is needed to bring 
this increased volume of metal to weld¬ 
ing temperatures. It is evident that a 
compromise frequency is necessary to bal¬ 
ance the required power against the depth 
of penetration of the weld. It has been 
found that an oscillator having a fre¬ 
quency of about 500 kilocycles per sec. is 
a satisfactory power generator for weld¬ 
ing ferrous alloys. 

Attempts to weld copper by this proc¬ 
ess have not been successful. Because 
of the high thermal and electrical conduc¬ 
tivity of copper, very strong currents are 
required to bring localized areas to the 
melting point. These induced currents 
are accompanied by strong magnetic 
forces. As fast as the copper is melted, 
the magnetic forces eject the melt from 
beneath the coil in a shower of droplets. 
The effect is as though a high-pressure 
air jet was turned on the melted copper. 
As a result there is little or no molten 
metal to bridge the gap when the current 
is turned off. 

Power generators for this frequency 
are limited to vacuum tube oscillators. 
Such devices have inherently high output 
impedances. On the other hand, the heat¬ 
ing coil must be closely coupled to the 
work and must be limited to a single turn 
in order tr concentrate the current. It is, 
therefore, a low impedance load. To 
transfer a maximum amount of energy 
from the g ‘iterator to the load, some im¬ 
pedance-matching device is necessary. 
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An air-core transformer is commonly em¬ 
ployed to couple the work coil to the 
oscillator. 

In its simplest form, the transformer 
consists of a helix of copper tubing used 
as a primary, and a sheet of copper en¬ 
closing this helix and forming a single- 
turn secondary. It has been found by ex¬ 
perience that the actual design of this 
transformer is not excessively critical, 
and that its appearance and construction 
may vary widely. Since the whole sys¬ 
tem is closely coupled, the characteristics 
of the load are reflected back to the 
generator. The turn ratio is of some im¬ 
portance but not critical, and usually 
varies from 30 to 1, to 8 to 1. Small 
diameters of the parts being welded re¬ 
quire a large number of primary turns. 

Generally the transformers are of the 
type illustrated in Fig. 3 varying from 4 
to 6 in. in diameter, and from about 6 to 20 




Fig. 3'— Induction Weld Transformer 


in. in length, the length, of course, being 
set by the number of turns of the pri¬ 
mary. 

In low-power installations an air space 
of one-quarter inch or greater may be 
used. In the higher-power generators, 
i.e., 50 kw. or more, it may be necessary 
to fill the space with insulation. The 
spacing between the helix and the single¬ 
turn secondary is made as close as prac¬ 
tical to keep the coupling tight. A cyl¬ 
inder formed from sheets of mica is very 
effective. 

The secondary of the transformer to¬ 
gether with the work coil forms a low- 
voltage, high-current circuit. The type 
and length of the conductors leading from 


the single turn secondary to the work coil 
are of great importance. The necessity 
of keeping the impedance of these leads 
as low as possible cannot be stressed too 
highly. The preferred design consists 
of fastening the work coil directly to the 
transformer, eliminating leads entirely. 
In cases where this cannot be done, the 
only alternative is to keep the leakage 
flux in the leads low by making the im¬ 
pedance low. This can be done by using 
flat plates spaced very close together for 
the leads, or by using a coaxial conductor 
of fairly large diameter, and with smallest 
possible clearance consistent with voltage 
requirements between the inner and outer 
leads. 

It has been stated that the work coil is 
a single turn of copper. To assure very 
local heating, the coil is spaced about 
'.o in. from the work. Coils of the type 
illustrated in Fig. 4 A often leave an un- 



Fig. 4.-—Work Coils— Improper and Proper 


welded spot on the work because of the 
gap formed where the leads are attached. 
By crossing the leads, as illustrated in 
Fig. 4 D, the cold spot is eliminated, and 
uniform heating around the periphery 
is obtained. When the duty cycle is high, 
it is necessary to water cool both the 
transformer (primary and secondary) 
and the work coil in order to dissipate 
the heat generated by the transformer 
losses. 

TIMING DEVICES 

There are several means by which ac¬ 
curate timing can be obtained. The con¬ 
version of 60-cycle power into heat 
energy within the work is carried out in 
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several steps. The first is in the rectifier 
unit, which converts the 60-cycle power 
to high-voltage direct current. The second 
is in the oscillator unit which in turn 
generates high-frequency power from the 
direct current. The third step is in the 
coupling of the high-frequency power to 
the work itself. The power can be con¬ 
trolled at various points along the system, 
usually depending upon the particular in¬ 
stallation or the economics of the case. 

The 60-cycle power itself may be con¬ 
trolled. If the installation is single phase 
60 cycles, a synchronous timer of the type 
used for spot welding will give exact ap¬ 
plications of power. In 3-phase systems, 
synchronous timers become rather com¬ 
plicated and other means of applying the 
power pulse may be more expedient. 
Whenever the power is controlled from 
the 60-cycle source, it can only be varied 
in time by definite steps, each step being 
one cycle or Voo of a second. 

The rectifier itself can be used to turn 
the power pulse on or off, provided the 
rectifier tubes are grid controlled. The 
grids in this case are biased so that the 
rectifier is inoperative during the stand-by 
period. For welding, the grids are pulsed 
positive by some timing device. Here, 
again, the time is some fraction of 60 
cycles. 

Perhaps the most practical timing sys¬ 
tem, as judged from the equipment re¬ 
quired, can be secured by controlling the 
oscillator tube itself. The grid of the 
power tube is biased negative and beyond 
cutoff so that the circuit is non-oscillat¬ 
ing even with anode voltage connected. 
Removal of the bias will allow the circuit 
to oscillate for the length of time the bias 
is off. Here the timer is controlling a 
direct current and infinite variations or 
adjustments of the pulse length are pos¬ 
sible. The power requirements of the 
oscillator grid are low so that the timer 
itself can be of low capacity as compared 
to the total power of the generator itself. 
There are numerous schemes for timing 
this pulse electronically, the method used 
depending upon the peculiar requirements 
of the installation. 

COMMON APPLICATIONS 

When one considers the rather large 
investment in equipment and the limited 
scope of induction welding, the question 
naturally arises as to when its use can 


be justified. There are several condi¬ 
tions where induction welding is particu¬ 
larly valuable. 

First, the process is inherently one of 
high efficiency. In a well-designed in¬ 
stallation as much as 50% of the energy 
drawn from the line appears in the form 
of heat in the work. 

Circulating, or wattless kva, is confined 
to the oscillator circuit and does not ap¬ 
pear in the 60-cycle feeder lines. This is 
in sharp contrast to the typical low- 
power-factor, spot-welder load. 

In making annular welds, an induction 
w elding installation drawing a maximum 
of 100 kw. will weld parts that would re¬ 
quire as much as 1000 kva, if done on a 
projection welding machine. The induc¬ 
tion welding equipment can operate from 
a balanced 3-phase power system, whereas 
the projection welding machine is usually 
operated on single-phase. 

Since a projection welding machine is 
essentially single-phase many power com¬ 
panies object to system disturbances set 
up by these machines. Often, too, the 
total generated kva. is not large enough 
to supply the peak demand. This is par¬ 
ticularly true in small communities. 

Induction welding is by nature a mass- 
production system. Only a few hun¬ 
dredths of a second are required to com¬ 
plete a weld, and since it is not neces¬ 
sary to make electrical connections to the 
parts to be welded, the output of the sys¬ 
tem depends largely on how fast the parts 
can be placed in welding position. 

Maintenance is low because electrodes 
do not touch the parts, and hence do not 
have to be refaced as in the annular pro¬ 
jection weld. 

Then too, as the time of welding E 
short and the heating is very local, there 
is a minimum amount of oxidation and 
discoloration of the parts. Small vessels 
containing materials that would be dam¬ 
aged by an arc or a flame can be safely 
welded by induction welding. 

It is practical to make the welds in 
almost any atmosphere by the simple ex¬ 
pedient of enclosing the parts and the 
heating coil in a bell jar containing the 
desired gas. Satisfactory welds have even 
been made in a high vacuum by connect¬ 
ing the bell jar to a vacuum pump. For 
example, a cover can be welded on a 
small container in a vacuum, and the 
finished part will have complete freedom 
from exhaust tubings or other protruding 
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tips necessary for evacuation by other 
methods. 

Induction welding has been most suc¬ 
cessfully employed in joining steels rang¬ 
ing in thickness from 0.010 in. to about 


between the coil and the work to give an 
even distribution of heat. Typical appli¬ 
cations are shown in Fig. 5. 

Copper, aluminum and other high-con¬ 
ductivity metals are not well adapted to 



Fig. 5.—Typical Metal Parts Assembled by Induction Welding Methods 


7* in. and in diameters up to about 3 
inches. Shapes other than round or oval 
can be welded by modifying the spacing 


induction welding methods, although 
there may be exceptions to this statement 
for particular cases. 
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CHAPTER 21 


SURFACING AND METALLIZING* 


A. SURFACING 

FUNDAMENTALS OF PROCESS 

Definition and General Description 

Surfacing^ is the process of applying 
by arc or gas welding, an integral layer 
of metal of one composition onto a sur¬ 
face, edge or point of a base metal of 
another composition. A wide variety of 
characteristics can be secured by proper 
choice of surfacing metals, and the applied 
layer may be as thin as ‘/a* in. or as thick 
as necessary. If the surface metal is in¬ 
tended to resist hard or abrasive wear, 
steel base or especially hard, surfacing 
alloys may be used. If the surfacing is 
intended to resist corrosion or friction- 
type wear, bronze or other suitable cor¬ 
rosion-resisting alloys may be employed. 

Classification and Properties of Sur¬ 
facing Materials 

A multitude of alloys and metals are 
suitable for surfacing operations, and 
most of them can be deposited by any of 
the conventional manual or automatic 
welding processes. By proper choice of 
these alloys and of conditions of deposi¬ 
tion and heat treatment, surfacing deposits 
can be made to withstand a wide range 
of services. Although cursory examina¬ 
tion would indicate that the choice of the 
best alloys for any particular use would 
be difficult, it has been found entirely 
feasible to classify all the alloys in an 
orderly fashion and to relate their general 
use to this classification. The basic classi- 

* Prepared by a committee consisting of A. 
R. Lytle, Union Carbide & Carbon Res Lab., 
Chairman; H. S. Avery, American Brake Shoe 
Co.; F. C. Kroft, Haynes Stel'ite Co ; H. W. 
Sharp, Stoody Co.; A. P. Shepard, Metallizing 
Engrg. Co.; Stephen Smith, National Forge and 
Ordnance Co 

t The term surfacing has been adopted to em¬ 
brace all coating operations referred to previ¬ 
ously as hard surfacing, bronze surfacing, pad¬ 
ding or facing. 


fication is outlined completely in Chapter 

38. 

Selection of Materials 

In order to select intelligently the cor¬ 
rect surfacing material for any particular 
application, the user should first determine 
or be aware of those factors which cause 
the deterioration of the part. 

In general, the attack on the part will 
involve one or more of the following: 
sliding metal-to-metal contact, either with 
or without lubrication; rolling contact, 
either in a nonmetallic bed or against a 
metallic surface; heavy shock or impact 
loading which must be resisted without 
deformation or serious cracking; varying 
earth abrasion or other types of wear 
that may cause metal loss; corrosion, 
either from atmospheric attack or other 
corrosive media; and resistance to de¬ 
formation when hot. Other less well- 
defined factors, such as machinability, 
freedom from porosity and ease of appli¬ 
cation have a distinct bearing on the alloy 
to be used. Seldom does any one of these 
factors dominate, but each must be sepa¬ 
rately recognized in an analysis of surfac¬ 
ing requirements. 

It is difficult to do more than generalize 
on the steps to follow in choosing a suit¬ 
able material for a specific service. A 
great many decisions of this nature are 
based on experience with the particular 
type of service and except where a rela¬ 
tionship has been developed between the 
microstructure or other characteristics of 
metals and the type of service to which 
they are most suitable, the choice will be 
dictated mostly by experience either of 
the user or of the supplier of the ma¬ 
terials. 

There are a few wear tests that have 
been validated against wear under field 
conditions and that have provided repro¬ 
ducible results. They are subject to the 
same limitations mentioned above, that one 
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type of wear may have no dependable re¬ 
lationship to another type. As a further 
caution, it is important that wear test 
results be questioned unless the test 
method and apparatus have proved reli¬ 
able and valid. This means that the test 
data should be satisfactorily reproducible 
and should provide an acceptable correla¬ 
tion with properly controlled field tests. 
Correlation with field results gives an 
assurance that essential wear factors have 
been properly included in the test. It 
should be noted that hardness testing, 
while it is customarily used as a substi¬ 
tute for wear tests, provides no assurance 

of field performance in an unvalidated 
situation. 

There are, however, a few generali¬ 
zations that may be employed in guiding 
a first choice. Hardness is usually di¬ 
rectly related to resistance to abrasion, 
shock or impact wear and, for maximum 
resistance to these types of wear, the 
harder alloys are to be preferred. To¬ 
gether with the hardness gradation, com¬ 
parison can be made of the relative tough¬ 
ness of the deposits. This factor is of 
great importance where the structural 
strength of the deposit is depended upon, 
or where impact loading occurs, but in 
other cases this factor may be unimportant. 
Again, judgment and experience will serve 
as guides. 

Fable 1 has been prepared to provide a 
first approximation to the choice of sur¬ 
facing metal for a given generalized type 
of service. The ratings have been assigned 
on the arbitrary scale of 10 to 100, 100 
implying the best obtainable and 10 rather 
poor for that usage. Clearly, all the 
manifold instances of wear are not specifi¬ 
cally listed but it is believed that the 
items under which the alloys are classi¬ 
fied represent the more or less elementary 
types of service which cause deterioration 
of the part. Most severe services em¬ 
brace combinations of several conditions 
and the choice of alloy may be influenced 
by its overall or combined utility rather 
than by its special value for one condition, 
n some applications the recommenda¬ 
tions indicated by this table may not pro- 
Mde the most satisfactory service but, in 
such cases, other factors which are usually 
of small importance may have had a 
strong influence. For instance, the in¬ 
fluence of chemical corrosion lias not 
been introduced in this table and in some 
uses this factor may be dominant. Aside 


from such unpredicted conditions, the 
table offers a ready means of choosing an 
alloy or group of alloys which would 
most probably give the best performance 
under given service conditions. 

Some services require high hardness 
with freedom from porosity and the abil¬ 
ity to attain a high polish. For such serv¬ 
ices, it is not always possible to use the 
most wear-resistant alloys, namely, the 
tungsten carbides, because deposits with 
these metals are heterogeneous and wear 
to a rough surface. 

It is frequently difficult to produce a 
perfectly machined or ground surface on 
carbide deposits due to the presence of 
the very hard particles. 

\\ here corrosion resistance or main¬ 
tenance of appearance under atmospheric 
conditions is a factor, a rust-resisting or 
even corrosion-resisting alloy is used. 
Frequently, corrosion resistance is the 
dominant factor or it may be combined 
with other factors such as wiredrawing 
or sliding metal-to-metal contact. Several 
alloys are indicated for this type of sur¬ 
facing and consideration should be given 
here to alloys of Type // of Table 1. or 

to the several grades of brass, bronze or 
nickel alloys. 

Resistance to hot-deformation is another 
requirement, and, for this, alloys arc 
needed that have high hot-hardness. Sev¬ 
eral types of alloys, such as Types I-C and 
11 > are suitable for this service. Addition¬ 
ally, some services require a high degree 
of toughness which must be preserved at 
high temperatures. Some alloys in the 
high-nickel group, Types V-B and V-C 

liavc been especially successful for this 
type of application. 


i-/T - iai s,,a,n g an d seating wear 
IS different from the soil-to-metal kind 
of wear encountered in earth-handling 
equipment. Although hardness is impor 
tant m preventing galling and deformation 

. . . ^ 1 1 • | ' * service is 

usually provided by a combination of dis¬ 
similar metals. For that reason, the 
bronzes have a very wide field of appli¬ 
cation, such as for sliding surfaces and 
on seats for valves. These alloys are 
available in various degrees of hardness 
as, for some services, hardness is a parallel 
requirement. Corrosion may also be a 

water' ^ C T OS, ‘ Ve Iif <' ,ids ° r even for 

uater service, but this can be provided 

t f he ? pr ° per CholCe of alloy - Some of 
the high-copper or nickel alloys and the 
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cobalt-base, nonterrous alloys have ex- formance. For many applications, rust 
cellent corrosion resistance coupled with resistance would be desired for the sake 
good resistance to sliding wear. of appearance, but the cost of non-rusting 

Cost is frequently an important factor metals might be too high, especially when 

in the choice of alloy. For many appli- the same service could be produced with 

cations, the ideal alloy would likewise materials that rusted slightly. This factor 

he the highest priced, so a balance must of cost cannot, however, be evaluated on 

he made between the benefits gained by the same basis as hardness for instance, 

the use of this alloy, the total cost of the so no mention of it is included in Table 1. 

item, the comparative service given by the 

use of slightly inferior alloys and the cost WELDING PROCESSES 

of replacement of the worn part. Fre¬ 
quently it is found that the higher priced ^ as Welding 


alloy 

is well justified by its service j.>er 

An 

important advantage of 

surfacing 


Table 1—Comparative 

Ratings of Surfacing Alloys 





Hardness 

General 

Atmos¬ 

pheric 

Corrosion 

Resistance 

Re¬ 
sistance 
to Earth 
Abrasion 

Re¬ 
sistance 
to Hot 
Defor¬ 
mation 

Service 

Under 

Heavy 

Abrasion 

Service 
in Sliding 
and Rolling 
Wear 0 

I. 

Ferrous 

A. Hardcnable Alloys 

1. Carbon Steels 
a. Low 

10 

10 

10 

10 

10 

20 


b. Medium 

10-40 

10 

10 

10 

10 

50 


r. High 

20-00 

10 

20 

10 

10 

50 


2. Low-Alloy Steels 
n. Low carbon 

10 

10 

10 

10 

10 

30 


b Medium carbon 

20-40 

10 

10 

10 

20 

50 


c High carbon 

20-00 

10 

20 

20 

20 

50 


d. Cast-iron types 

20-00 

10 

40 

20 

20 

40 


3. Medium-Alloy Steels 
n. Medium carbon 

20-40 

20 

20 

30 

50 

60 


b. I Tigh carbon 

30-50 

20 

40 

50 

80 

60 


c. Cast-iron types 

30-70 

20 

50 

60 

50 

40 


4. Medium-High Alloy 
a. Low carbon 

20-40 

20-50 

20 

40 

30 

40 


b. Medium carbon 

30-60 

20-30 

40 

50 

70 

60 


c. 1 1 igh carbon 

40-80 

20-30 

60 

50 

80 

40 


<1. Cast-iron types 

40-80 

20-30 

70 

50 

50 

40 


5. High-Speed Steel 

80 

20 

40 

70 

40 

40 


B. Austenitic Steels 

1. Chromium and Cr-Ni 
a. Low carbon 

30 

90-100 

20 

20 

30 

30 


b. High carbon, low 
nickel 

40 

90-100 

20 

40 

50 

30 


c. High carbon, high 
nickel 

40 

90-100 

30 

40 

50 

30 


2. High manganese 

40 

50 

20 

20 

80 

50 


C. Austenitic—not usually 
heat treated 

1. Iligh-chromium Iron 

00 

60-80 

70 

80 

80 

80 


2. High-Alloy Iron 
a. 1.7% carbon 

70 

60-80 

60 

60 

70 

70 


b. 2.5% carbon 

70 

60-80 

70 

60 

60 

80-90 


c. Very high alloy 

80 

60-80 

80 

60 

50 

90-100 

ii. 

Cobalt Base Alloys 

A . Low Alloy 

40 

90-100 

50 

100 

80 

90-100 


B. High Alloy 

70 

90-100 

70 

100 

60 

100 

ill. 

Carbides 

A. Inserts 

100 

60-80 

100 

100 

50 

100 


B. Composite 

75-100 

30-60 

100 

• • • 

70 

• • • 


C. Powder 



100 

• • • 

70 

• • • 

IV. 

Copper Base 

A. Copper-Zinc 

20 

60-80 

20 

10 

10 

80-100 


B. Copper-Silicon 

25 

60-80 

20 

10 

10 

50-70 


C. Copper-Aluminum 

25-40 

60-80 

30 

10 

10 

70-90 

V. 

Nickel Base 

A. Nickel-Copper (Monel) 

20 

80-100 

20 

10 

20 

20 


B. Nickel-Chromium 
(Niclirome) 

30 

80-100 

40 

70 

40 

60 


C. Nickel-Chromium-Tungs¬ 
ten-Molybdenum 
(Hastclloy) 

50 

90-100 

50 

90 

60 

sa 


a In combination with suitable companion alloy 
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by gas welding is that the surfacing layer Its use prevents a loss of carbon from the 

is applied by flowing the metal onto the welding rod and in some cases causes an 

underlying surface through the medium of increase in the carbon content of the weld 
sweating or tinning. These terms are deposit by varying amounts ranging from 

used to describe the formation of an ap- 0.20 to 0.40% depending upon the alloy 

parently ower-melting-pomt constituent used. Flames with longer feathers of 

which enables the metal being applied to excess acetylene usually are not recom- 

flow onto the base metal without appre- mended as they are definitely of lower 

ciable melting of the base metal. The temperature, introduce too much carbon 

term sweating refers to the action that into the deposit, and produce poor-appear- 

takes place in the application of high- ing welds, whereas flames with less ex¬ 
melt mg-point ferrous, nickel and cobalt- cess acetylene do not provide the necessary 

base alloys due to the use of an excess- carburizing conditions, 

acetylene flame. This flame carburizes the 


extreme surface of the base metal, there¬ 
by lowering the melting point of the film 
and providing a liquid medium on which 
the surfacing metal is immediately flowed. 
The layer of carburized metal is on the 
order of 0.001-in. thick and is absorbed by 
alloying with the molten surfacing layer. 
Gas-welded deposits can be made under 
these conditions, with penetration of less 
than 0.01 in. into the base metal. The 
term tinning is the corresponding term 
that describes the action that occurs in 
surfacing with bronze or copper alloys. 
Iri this case, it is more nearly a cleaning 
action due to the action of the flux or 
flame that prepares the base metal just 
ahead of the welding action, and which 
thereby permits capillary flow of the low- 
melting-point alloys onto the higher¬ 
melting-point base metal. 

The size of the welding flame can be 
specified only in general terms, as it de¬ 
pends more upon secondary factors such 
as extent of the deposit, time limitation 
for the unit job, degree of preheat and 
type of metal being deposited, than upon 
the thickness of base metal. As a general 
guide, however, the torch should be one 
size larger than that recommended for 
welding base metal of that particular 
thickness. In any case a soft, quiet flame 
should be used to prevent laps, blowholes 
and poor adhesion of the deposit. 

Application of IronNickel - and Co - 
halt-Base Alloys.— The character of the 
welding flame is very important for suc¬ 
cessful surfacing. For application of 
>ron-, nickel- and cobalt-base alloys, an 
excess-acetylene flame is used. The best 
flame setting is that in which the feather, 
characteristic of excess acetylene in the 
flame, is three times the length of the 
mner cone (Fig. 1). This flame setting, 
when used by an experienced operator, 
produces the proper degree of sweating 


Ex cess - 

Inner Acetylene Outer 
Tip Cone feather Envelope 



~ 3X-1 

Approx. 


1-—Approximate Dimensions of Excess- 
Acetylene Flame for Surfacing by Gas Welding 

Base Metal Preparation. —All loose 
scale, dirt, rust or other foreign substances 
should be removed from areas to be sur¬ 
faced, preferably by grinding or machin¬ 
ing. Cleaning with a file, wire brush or 
sand blasting often leaves scale or other 
foreign material which must later be 
floated out during the surfacing opera¬ 
tion. The use of flux has often been found 
desirable to maintain the clean condition 
of the surface and overcome oxidation that 
may develop during surfacing. 

Although many surfacing operations are 
done on flat or extended plane surfaces, 
in some applications a highly localized 
deposit is desired. The best method of 
accomplishing this is to machine or grind 
grooves of the desired contour and depth. 
Suggested types of grooves for this pur¬ 
pose are shown in Fig. 2. It is important 
m any such groove, that the corners and 
edges be well rounded to prevent over¬ 
heating and alloying with the weld de¬ 
posit. 

Application of Bronze and Copper Al¬ 
loys.— 1 The application of the common 
brasses or bronzes to any of the com¬ 
patible base metals follows the same 
principles outlined above for the steel in 
respect to cleanliness and the desirability 
ot a groove for placement of a local de- 
posit. However, a neutral or slightly 
oxidizing flame is recommended. An 
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excess-acetylene flame causes porosity, 
excessive fuming and poor adhesion with¬ 
out any compensating benefits. Also, a 
flux is necessary for practically all bronze 
alloys as there is no other provision for 
cleaning the base metal to permit the 
capillary flow of the bronze. The conven¬ 
tional fluxes recommended for the several 
rods are best, but in some cases the rods 
are already coated with flux. 


mechanical device, depending on the na¬ 
ture of the *job. Sometimes it is advan¬ 
tageous to employ an oscillating motion 
to aid in distributing the molten puddle. 
A photograph of a typical machine is 
shown in Fig. 3. 

Many users of surfacing build their 
own machines for partial or complete 
mechanization. Suitable machines can be 
readily constructed with either a lathe, 



MEJAL 


DOTTED • LINES 


--indicate finish ground dimensions OF 

HARD- FACING ALLOY. 


Fig. 2. Suggested Types of Recess for Localizing Surfacing Deposits 


Machine Gas Welding .— Many parts 
are surfaced on a production basis by 
mechanical methods. The possibility of 
mechanization depends upon the number of 
the parts, location of the surfaced area 
and type of surfacing metal. Two basic 
commercial methods are used for mechan¬ 
ized surfacing. These are called the 
cylindrical and straight-line methods. The 
cylindrical method, as the name implies, 
is for surfacing cylindrical objects, such 
as pump sleeves, collars, expeller screw 
bodies, and rolls. With this method, a 
number of rods are used so as to cover a 
wide area and to complete the application 
in one pass. The straight-line method is 
for surfacing a relatively narrow area, 
whether it be linear or annular. It is 
seldom that more than two welding rods 
are used. Parts which can be surfaced 
by this method are gate-valve seat rings 
and discs, ensilage knives, shear bars, 
circular slitter knives, gage strips and 
many other items of like nature. 

With both of the above methods, multi¬ 
flame welding heads are generally used to 
gain closer control over the deposit. The 
welding rod (or rods) can be fed under 
the flames either by gravity or by some 


planer or welding positioner for a base 
and using combinations of standard, water- 
cooled, single or multiple-flame heads to¬ 
gether with gravity-fed welding rods. 

Special Merits of Gas Welding .— 
The use of gas welding for surfacing 
has definite characteristics which indi¬ 
cate its preference in a large number of 
applications. The prime merit is the 
lack of dilution with the base metal, hence 
the maintenance of characteristics of the 
deposited metal. This is especially im¬ 
portant when the compositions of the 
base metal and surfacing metal differ 
considerably as in cases where high- 
chromium, high-cobalt or high-nickel al¬ 
loys are used and where the bronzes and 
brasses are applied. In either manual or 
mechanical welding, dilution of the weld 
metal with the base metal can be main¬ 
tained below 15% for the high-melting- 
point alloys. For the lower-melting- 
point brasses, the amount of dilution of 
the base metal is insignificant. In etched 
sections of surfaced parts, the contour of 
the deposited metal should conform very 
closely to the contour of the original 
grooves or surface. Any recession of the 
interface by more than 0.01 in. would 
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indicate excessive melting of the base 
metal. 

The ease with which very thin layers 
of surfacing metal may be applied and 
the ease of running the surfacing metal 
out to corners and edges without over¬ 
heating or building up thick deposits are 
also important. These characteristics are 
especially valuable in such operations as 
building up rail ends, where more than a 
Vio-in. thick deposit seldom is required, 
and more often the weld deposit is closer 
to 1 / 32-in. thick. Other instances are the 
surfacing of edged tools, drill bits, etc. 



E iff * ^““Equipment for Surfacing Ensilage 
Gutter Blades by Semi-Automatic Gas Welding 


In surfacing by oxy-acetylene welding, 

the welder can control the placement of 

the deposited metal closely or can hammer 

it into shape, thereby reducing finishing 
costs. 

Arc Welding 

Shiclded-M ctal-Arc Welding— Surfac¬ 
es by arc welding is done in the same 
manner and following the same principles 
as welding for joining by this process. 
1 he principal difference is that in sur¬ 
facing, usually the added metal has a 
composition which is different from the 
base metal and, therefore, the factor of 
dilution must be considered. In order to 
minimize dilution or penetration and thus 
retain, as nearly as possible, the original 
composition of the alloy, the metal should 
he applied with minimum heat. In gen¬ 
eral, current, voltage, polarity and other 
welding conditions recommended by the 
manufacturers are based on this factor. 


The types of electrodes and of coatings 
and the preferred techniques vary some¬ 
what with the type of alloy. For conven¬ 
ience, these can be considered in a broader 
classification than that given in Chapter 
38—Filler Metal. 

Group A .—These include the low-alloy 
types of surfacing alloys which are air¬ 
hardening and produce a deposit with a 
hardness ranging from 25 to 60 Rockwell 
C. (These alloys cover Types I-A-l and 
I-A-2 of Table 1.) The electrodes are 
usually of the covered type with the cover¬ 
ing supplying alloying as well as deoxidiz¬ 
ing and arc-stabilizing elements. For the 
harder types, preheating of the base metal 
to at least 40CFF. may be necessary to 
avoid cracking, but in many applications 
the presence of small cracks is of little 
importance. 

(/roup D .—These electrodes are the 
medium-high-alloy groups corresponding 
to Types I-A-3 and I-A-/, in Table 1. 
These may be either cast, in which case 
they will be short lengths for manual weld¬ 
ing, or may be fabricated, in which case 
they may be of longer length for machine 
use. Loth types of electrode have only 
a light coating for arc stabilization, as 
all the alloy is either in the wire or in 
granular form in the fabricated rod. 
These alloys have a lower melting point 
than those in Group A, hence have higher 
fluidity and produce a flatter surface, 
but must be used in the flat position only. 

W ith proper preheat, multilayer deposits 
can be produced free from cracks. 

(jroup C .—These electrodes are the 
alloys corresponding to those in Types 
I-A-5 and I-D-l of Table 1. They are 
available as cast or drawn rods, depending 
upon their composition and have a light, 
arc-stabilizing coating. With high alloy 
content, their melting points are lower; 
consequently, they are quite fluid. With 
the higher carbon alloys the weld metal 
tends to lie quite flat and should be 
sound and free from cracks. Generally, 
these electrodes are for single-pass deposits 
only, and preheating to 400° F. may be 
necessary. It is most important to mini¬ 
mize dilution with these allovs by apply¬ 
ing them with lowest possible beat. 

Group D. This group comprises the 
alloys in Type I-B-2 of Table 1, the 
austenitic manganese steels. (See Chan¬ 
ter 31B for further information.) These 
electrodes arc either bare or have a light 
arc-stabilizing coating. In general, the 
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arc characteristics of the bare electrodes 
are poor and this group of electrodes 
should be used only for welding manganese 
steel. Otherwise, hard intermediate com¬ 
position alloys form which may lead to 
cracking. It is important that the base 
metal not be permitted to attain a tem¬ 
perature over 700°F. In this way trans¬ 
formation of the austenite into brittle 
structures is avoided and the properties of 
the base metal are retained. This metal 
has low-heat conductivity, hence care must 
be taken to u>c low welding heat and 
avoid buildup of heat in the weld zone. 
Peening is freely used to reduce tensile 
stresses and to induce some hardness in 
the underlying layers. 

Group E .—These include the alloys in 
Type II of Table 1. The electrodes are 
moderately heavily coated and are for 
manual welding only. The avoidance of 
dilution is very important, hence low heat 
is definitely recommended. The deposits 
are subject to cracking, but preheating and 
slow cooling can satisfactorily prevent it. 

Group F .—These correspond to the al¬ 
loys in Type III of Table 1. These alloys 
are almost universally supplied as tube 
rods containing granular tungsten carbide 
inside the tube. The tubes may be short 
for manual welding or coiled for machine 
welding. Their arc characteristics are 
relatively poor, but the service require¬ 
ments are seldom influenced by such mat¬ 
ters as porosity or small cracks. The 
value of these alloys depends on the avoid¬ 
ance of melting and dissolving the granu¬ 
lar tungsten carbide in the steel, so again 
minimum heat is recommended during 
welding. The deposits should show a 
considerable amount of undissolved car¬ 
bide particles. 

Group G .—These correspond to the non- 
ferrous alloys in Types IV and V of Table 
1. Most of the electrodes are quite heavily 
coated and are usually for d.c., reversed 
polarity welding only. The use of re¬ 
versed polarity minimizes the melting of 
the base metal, an important factor in 
successful arc welding, especially with 
copper-base alloys. Their welding char¬ 
acteristics are usually satisfactory, but 
these electrodes are only applicable for 
welding in the flat position. 

Machine Arc Welding .—Surfacing by 
machine arc welding may be by shielded 
metal arc, bare metal arc or submerged arc 
welding. For all processes, surfacing 
materials are available in coil form for all 


the types of alloys except the very hard 
alloys as previously indicated. In the 
case of the lower alloy grades and in 
softer, Tollable materials such as the stain¬ 
less steels and nickel alloys, the rods are 
of the solid-wire type. For depositing 
hard weld metal, coils are available of con¬ 
tinuous steel tubes which contain the alloy¬ 
ing elements needed to produce the desired 
weld metal composition. 

Surfacing is done in the same manner 
and with the same apparatus used for 
machine welding. The deposits can be 
made by continuous narrow string beads, 
especially on a cylindrical surface, or by 
a series of wide weave beads on flat work. 
When permitted by the characteristics of 
the deposited metal, the surfacing layer 
may be built up to any desired depth or 
configuration by multiple layers. In this 
respect, the characteristics of the alloys 
as described for manual welding apply. 

Submerged Arc Welding .—Surfacing by 
submerged arc welding is done very satis- 
t^) 11 v with the same apparatus and 
materials used for welding (see Chapter 
13). The technique for surfacing varies 
from that for welding only to meet the 
demands for minimum dilution and to 
avoid cracking of hard deposits. There 
are several means available for mini¬ 
mizing these. The first is the use of d.c., 
straight polarity, combined with higher 
voltage (about 40 volts) and low-current 
density. Slow welding speed with appro¬ 
priate welding technique also minimizes 
dilution. Other types of power are widely 
used but only when dilution is not the 
dominant factor or when it is minimized 
in other ways. For instance, d.c. reverse 
polarity power has been found to be very 
beneficial in reducing the tendency to 
cracking of some of the harder alloys. 

Under the recommended conditions of 
power but at the usual welding speeds, 
the weld metal may be diluted appreciably 
by the base metal. Therefore, if surfacing 
is done under normal welding conditions, 
it is necessary to apply three or more 
layers of weld deposit before the deposited 
metal will be free from the effect of the 
base metal composition. This holds, 
especially, when there is a wide difference 
in composition between the surfacing and 
base metals. 

There are two ready methods of avoid¬ 
ing this condition. In the first, the com¬ 
position of the welding rod is chosen to 
compensate for the anticipated dilution 
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by the base metal. This can be quite 
readily done, especially when the surfac¬ 
ing metal is of the low-alloy steels, such 
as Types I-A-l, I-A-2 and I-A-3. In 
such cases, alloys from the next higher 
type would probably be satisfactory. In 
the second method, the first layer is applied 
at a slower rate of travel; i.e., in the 
order of 4 to 8 in. per minute. This pro¬ 
cedure reduces dilution to the order of 10 
to 15%, hence, retains the essential char¬ 
acteristics of the deposited metal. Subse¬ 
quent layers may then be applied by nor¬ 
mal techniques. 1 he choice of welding 
composition or flux is important as some 
of them lead to an increase in manganese 
and silicon contents and some preserve 
the composition of the metal more nearly 
constant than others. The advice of 
suppliers should be sought for this type 
of data. 

Preheat is important in minimizing 
cracking in the hard and liardenable 
steels and alloys. For applying the 
liardenable low-alloy steels, Types I-A-2 
and I-A-3, the base metal should be pre¬ 
heated to about 500 °F. and maintained at 
this temperature for the complete time of 
application. (On large jobs it may be 
necessary to put the work in a furnace 
overnight if not completed.) At this 
temperature, the formation of martensite 
is retarded, and therefore cracking is 
minimized. The desired hardening will 
then develop uniformly upon subsequent 
cooling. It may be necessary in large, 
continuous deposits to cool the assembly 
in order to avoid an excessive rise in 
temperature due to continuous high heat 
input. Such cooling can be done quite 
satisfactorily with an air blast. 

Incrt-(,as Metal-Arc ll'clding. —Surfac¬ 
ing by inert-gas metal-arc welding is 
done in much the same way as welding 
by this process except for slight modifi¬ 
cations to reduce dilution (see Chapter 
12). By proper application of the proc¬ 
ess, the dilution factor will be somewhat 
higher than is obtainable with gas weld¬ 
ing, but much lower than is produced by 
shielded-metal-arc welding. The rate of 
deposition is higher but the distortion 
produced is less than in gas welding. 

1 he process is used mostly with bare 
rods but has been used with some coated 
rods. The alloys in Type II and some 
alloys in Type I-B-I of Table 1 have 
been successfully applied. Likewise, the 
aluminum bronzes. Type IV-C, have 


been applied quite satisfactorily and 
practically all the high-nickel alloys, 
such as Types V-B and V-C, are easily 
applied with this process. 

Because of the essentially neutral or 
non-oxidizing character of the atmos¬ 
phere in the weld zone, the process is 
applicable to the production of such com¬ 
binations as aluminum bronze on copper, 
or silicon bronze on steel. 

The essential items in welding tech¬ 
nique that minimize dilution and which 
therefore should be observed in appli¬ 
cation of single-layer deposits or in the 
first layer of moderately thick deposits 
are: (1) backhand welding, (2) a.c. weld¬ 
ing power and (3) use of about 12 liters 
per min. of inert gas. 

For application of subsequent layers 
or when dilution is unimportant, faster 
procedures of welding, such as forehand 
welding and d.c., straight polarity should 
be used. These welding conditions re¬ 
quire only about 6 liters per min. of 
inert gas. 

Special Merits of Arc-lVelding. —‘The 
special merits of arc welding by either 
the shielded metal-arc or submerged 
arc processes lie mostly in the high 
rates of deposition attainable, flexibility 
of application and ease of mechaniza¬ 
tion. The rate of deposition can readily 
be as high as 25 lb. per. hr. by the sub¬ 
merged arc process, and for those alloys 
which are available in coil form, this 
rate of deposition can be maintained for 
long periods of time. It is, therefore, 
entirely feasible to surface large areas 
or to apply deep layers of surfacing ma¬ 
terials by multiple passes. Much sur¬ 
facing of this type is done. Likewise, 
arc welding is especially applicable to the 
localized surfacing of large or heavy 
members where excess time or heat 
would be required by the gas welding 
processes. Short pads can thus be built 
upon parts such as dipper teeth (see 
big. 4) where it is desired not to afTect 
the remaining base metal any more than is 
necessary. Figure 5 shows a typical 
submerged arc welding application. 

SURFACING METHODS 

Materials Normally Surfaced 

Surfacing is applied to many base 
materials for purposes of preservation or 
greater wear; the selection of filler metal 
is usually on the basis of the specific 
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wear or corrosion conditions to be en¬ 
countered. The following section offers 
pointers on the applicability of surfacing 
to typical base metals. 

Low- and Medium-Carbon Steels .—All 
plain carbon steels having up to 0.50% 
carbon can be surfaced under normal 
conditions by any of the several welding 
processes and with any of the hard or 
hardenable ferrous or nonferrous alloys. 


over 0.50% carbon can be quite readily 
surfaced by gas welding using the several 
surfacing materials without unusual pre¬ 
cautions. This is because, with gas weld¬ 
ing, the base metal is automatically pre¬ 
heated, and cracking and hardening are 
thereby minimized. However, with any 
of the arc-welding processes it is usually 
advisable to preheat to temperatures of 
300 to 600°F. This will prevent cracking 



Fig. 4.—Surfacing Dipper Teeth by Manual Shielded Metal-Arc Welding 


In fact, SAL 1040 steel is a frequent 
choice as a base for surfacing. An im¬ 
portant precaution to be observed is that 
in surfacing with bronze or brass alloys 
care should be taken to avoid melting or 
overheating the base metal, which will 
promote penetration of the bronze or brass 
into the base metal. 

High-Carbon Steels .—Steels containing 


due to sudden heating of hardened parts 
and will avoid hardening of the heat- 
affected zone during cooling. These gen¬ 
eral precautions apply regardless of the 
type of surfacing material being applied. 

Lozv- Alloy Steels .—Surfacing alloys 
can be applied to low-alloy steels in much 
the same manner as to plain-carbon 
steels of the same hardenability, provided 






SURFACING AND METALLIZING 


479 


the steel is not in the hardened state. If 
it is in the hardened state, it should first 
be annealed. In a few cases, depending 
upon the composition of the base metal, 
heat treatment is required after welding. 

High-Speed Steels .—Surfacing of this 
group of steels is seldom done and is not 
generally recommended. They can be 
surfaced with some hard, steel-base alloys 
without difficulty so far as technique is 
concerned, but shrinkage cracks and 
strain checks render the surfaced piece 
valueless in a good many instances despite 
heat treatment. Usually there is little 
need for surfacing high-speed steels as 
surfaced parts of low-alloy steel should 
be equally satisfactory. 



rig. 3. Surfacing Tractor Rollers by Sub¬ 
merged Arc Welding 


Stainless Steels .—Stainless steels, in¬ 
cluding the high-chromium steels and the 
18-8 chrome-nickel steels, can he sur¬ 
faced quite satisfactorily with most of 
the alloys having appropriate melting 
points. However, a knowledge of the 
physical properties of the particular type 
of stainless steel is necessary, otherwise 
difficulty may be experienced due to 
brittleness or lessened corrosion resist¬ 
ance. The usual precautions due to the 
high coefficient of expansion of the 18-8 
steels should be observed. 


Manganese (Hadfield) Steel .—This 
steel is surfaced by the shielded metal-arc 
welding process alone, and then usually 
with the austenitic, work-hardening type 
of alloys, or with alloys which will bond 
readily with this base metal. 

Gray and Alloy Cast Irons .—Special 
care is needed for the application of steel- 
base surfacing alloys to cast iron. The 
lower-melting-point alloys and most of 
the austenitic alloys are quite readily 
applied'to cast iron using proper precau¬ 
tions to avoid cracking before and after 
welding. Type II alloys are also readily 
applicable to cast iron, although a flux 
may be useful in dissolving the surface 
coating on the cast iron. Likewise, the 
nickel and copper alloys are readily appli¬ 
cable. The bronze surfacing of cast iron 
is easily accomplished by following the 
general principles of braze welding. 

White Cast Iron and Malleable Iron .— 

I here is little success in surfacing white 
iron because the welding heat, even for 
braze welding, materially alters the prop¬ 
erties of the underlying metal, and the 
original condition cannot be restored. 
However, malleable iron can be surfaced 
in the same manner as cast iron. Bronze 
surfacing produces the least detrimental 
effect on the underlying base metal as it 

causes only a slight solution of the 
carbon. 

Copper, Brass and Bronze.— These 

alloys are difficult to surface with any of 

the ferrous or high-alloy, nonferrous types 

of surfacing metals because of the low- 

melting points of the base metal. If it is 

accomplished, inordinate amounts of base 

metal are melted to the detriment of the 

weld deposit. However, the brass or 

bronze surfacing alloys and some nickel 

alloys can be applied very readily without 

any unusual procedures. Fluxes are 

usually needed for the production of sound 
welds. 

Fa ity° rS Affectin <J the Welding Qual- 

The requirements in regard to the 
quality of deposit needed vary consider¬ 
ably with the service to which the part is 
to be exposed. For instance, for surfaced 
valve seats, the deposited metal must be 
entirely free from cracks or pinholes, but 
on dredger teeth porosity is of little im¬ 
portance. However, the quality of most 
deposits can be quite high and the follow- 
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ing notes should help in producing the 
best-quality deposits. 

Steel Base Surfacing Alloy (Types 
I-A-l, I-A-2 and I-A-3). —There is little 
difficulty with cracking with these alloys, 
and the deposit by either gas or electric 
welding should be completely sound. Any 
porosity will be the result of overheating, 
unclean base metal or otherwise improper 
applications. Some cracking may develop 
with the higher carbon grades of these 
alloys but this can be effectively pre¬ 
vented by moderate preheating. 

High-Alloy Cast Steel and Cast Iron 
(Types I-A-4 and I-C-l and I-C-2).— 
Deposits with these alloys are subject to 
cracking and porosity, but both can be 
avoided. Adequate preheat will help to 
avoid cracking, but, in some instances, 
the differences in coefficients of expansion 
may be so great that cracking develops 
anyway. Under such circumstances, a 
different choice of surfacing metal will 
have to be made, or an intervening layer 
of austenitic alloy may be employed. Care 
may be necessary to avoid cracking dur¬ 
ing any subsequent heat treatment. Por¬ 
osity should be preventable and is usually 
caused by unclean base metal or improper 
welding conditions. 

Cobalt-Base {Type II-A). —Generally 
for relatively simple parts, no special pre¬ 
cautions are needed in applying these 
alloys, but for larger assemblies, es¬ 
pecially where extended areas are to be 
coated, preheating is necessary to avoid 
cracking. With gas welding, the preheat 
associated with the flames is usually ade¬ 
quate, but relatively high preheat will 
be needed for application by arc welding. 
Deposits made with these alloys should, 
and can, be entirely free from porosity as 
in many applications resistance to cor¬ 
rosion is of great importance. Any por¬ 
osity that occurs is often a result of un¬ 
clean or oxidized base metal, overheat¬ 
ing or excessive melting of the base metal. 
In some cases in gas welding a flux may 
be beneficial, but in general the flowing 
characteristics developed by the reducing 
flame should yield sound weld metal. 
These metals have a high strength at 
high temperatures hence may cause dis¬ 
tortion or shrinkage of the final assembly. 
For cylindrical sections it may be neces¬ 
sary to anticipate this by starting out 
with a larger diameter section. For long, 
narrow deposits on bar stock, for instance, 
prebending in the reverse direction to 


the amount of Vs in. per ft. has been 
found to be a suitable corrective for this 
condition (see Fig. 6). The contraction 
of the surfacing metal which is applied 
to the convex surface causes the final part 
to be straight. The amount of prebending 
is determined by experiment. 


Ve-IN. BLADE Ve-IN.STRIP 



Hard Carbides. —Usually the presence 
of porosity in deposits of this type of 
surfacing alloy is not important, but it can 
be minimized by making the deposits 
under the most favorable conditions with 
respect to depth of weld and avoidance of 
overheating. The principal difficulty to 
overcome is excessive solution of the hard 
carbides in the matrix alloy. It is es¬ 
sential to retain them, whether as parti¬ 
cles or as cast inserts, in as nearly the 
same condition as possible in the deposit 
as before welding. Excessive heat or 
overpuddling of the weld tends to dis¬ 
solve these metals into the base material. 
This is especially true in the case of 
shielded metal-arc or submerged arc weld¬ 
ing where the temperature of the molten 
metal is quite high. Consequently, for 
minimum solution, gas welding is most 
frequently used. Another trouble arises 
with the tube or granular type rods due 
to the greater density of the carbides. 
They tend to settle to the bottom of the 
weld deposit, thereby leaving a soft top 
layer. This is best avoided by applying 
these materials in shallow layers. This 
greatly minimizes segregation and gives 
more satisfactory service. 

Copper-Base Alloys. —Very little diffi¬ 
culty is encountered in producing deposits 
of excellent quality in gas-welded deposits 
using the so-called low-fuming bronze 
rods. The principal point to watch is to 
avoid overheating as this may cause 
porosity and penetration of the bronze 
into steel base metals. Cast iron is not 
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thus affected. No trouble with cracking 
should occur. 

For arc welding, the aluminum bronzes 
are used quite extensively, and deposits 
made with these alloys will have satis¬ 
factory quality if the proper welding condi¬ 
tions are used. Again, avoidance of melt¬ 
ing the base metal is necessary for high 
quality. 

Heat Treatment 

The response of the surfacing layer to 
heat treatment obviously depends on the 
composition of the material but, in general, 
heat treatment for the purpose of increas¬ 
ing hardness is applicable only to deposits 
made with alloys of the hardenable steels 
Types I-A-l, I-A-2 and I-A-3. So far 
as has been determined, weld deposits 
respond to heat treatment in the same 
manner as rolled or cast metals of the 
same compositions. Therefore, if the 
composition of the deposited metal (not 
the welding rod or electrode) is known, 
its response to heat treatment can be 
readily found by reference to Jominy tests 
or isothermal transformation curves for 
steels of similar composition. The pre¬ 
caution of determining the composition 
of the weld deposit should be observed as 
there may be some change in composition 
during welding, either by loss or gain in 
carbon or the alloying elements, which 
would change appreciably the harden- 
abihty of the metal. 

On this basis, therefore, surfacing layers 

of hardenable steel may be heat treated 

by furnace treatment, spot or continuous 
name-hardening. 

Finishing 

In many instances, the condition in 
which the deposited metal is left at the 
end of the welding operation has a very 
important bearing on the cost of the 
surfacing operation. For some parts, 
such as tractor grousers, dimensions are of 
ittle importance, but on many others it 
is highly desirable that the deposited metal 
in the as-welded condition should be close 
to the desired final dimensions. Due to the 
very nature of the surfacing layer, re- 
moval by machining or grinding may be 
difficult and expensive. 

Of the welding processes available, 
there are definite advantages to depositing 
thin surfacing layers by oxy-acetvlene 
welding because not only can the weld 
metal be laid down smoothly and, if 


necessary, in quite thin layers out to an 
edge, but the addition of weld metal can 
be stopped at will and the deposited metal, 
if forgeable at high temperature, can be 
hammered to shape. This procedure is 
applicable to a number of the hard-sur¬ 
facing alloys and is of great practical 
value, especially on deposits near an edge 
or corner. The current practice of build¬ 
ing up railroad rail ends is an excellent 
example of the practical value of this pro¬ 
cedure for reducing the cost of finishing. 

Another method, applicable primarily 
to the hardest deposits, is known as hot- 
filtng. When a deposit of one of these 
alloys is heated to within 50 to 300°F. 
of its melting point, it may be scraped off 
in thin layers with a coarse file or similar 
instrument until the deposit has been 
brought down to its desired dimension. 
Final grinding will usually be necessary 
to finish these deposits as the surface thus 
produced is quite rough. 

Many surfaced parts are finished by 
grinding or machining. The usual pre¬ 
cautions in regard to machining speeds, 
type and setting of tool should be observed 
for the particular alloy used. For the 
harder types of surfacing metals, grinding 
or machining with a sintered tungsten 
carbide tool must be resorted to for best 
results. The recommendations of grinding 
wheel manufacturers should be followed in 

determining the type of wheel and speed 
for any alloy. 




Obviously, the type of inspection applied 
depends upon the quality desired in the 
deposit Of the various inspection meth¬ 
ods, aside from visual, the hardness test 
is probably the most widely used. This 
may be done with a relatively simple tool 
like a file or portable instrument of meas¬ 
uring hardness or more detailed and 
exact testing may be done in a laboratory 
I he primary advantage of the hardness 
test is that it indicates the amount of 
dilution that occurred during welding, 
or a welding rod of given composition, 
ie deposit should have a hardness that 
does not vary outside a certain range If 
the deposited weld metal has a hardness 
outside tins range and the variation can¬ 
not be directly attributed to other factors 
such as cooling rate, it is presumptive 
evidence that excessive dilution, overheat- 
mg or some other important deviation 
trom good practice occurred. Thus this 
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test provides a relatively quick check on 
the degree to which the welding conditions 
approach the ideal. 

Soundness and freedom from cracking 
can be readily determined by magnetic 
particle or fluorescent oil inspection. 
These methods are especially useful for 
parts such as valve seats where freedom 
from minor imperfections is essential. 

Etching with a suitable mild agent is 
frequently useful for delineating the con¬ 
tour of the deposited metal. This should 
give information on the extent of the 
area covered and how well it conformed to 
the coverage desired. Sections obtained 
through deposits can be similarly etched 
to show the depth and distribution of the 
surfacing metal. For steel base deposits, 
a 10% solution of ammonium persulfate 
in water rubbed on the filed or ground 
surface will be a satisfactory etch. For 
brass and bronze a 10% solution of nitric 
acid will serve very well. 

COMMON APPLICATIONS 

It is impractical to enumerate or list 
all the applications where surfacing has 
been advantageously used. However, it 
can be generally accepted that the prin¬ 
ciples of surfacing have not been applied 
to their optimum extent, and that the 
advantages which the process offers have 
not yet been fully realized by the de¬ 
signer and user in many engineering fields. 
Therefore, the following examples have 
been given, not with the purpose of indi¬ 
cating the extent of use of the process, 
but as guides concerning the range of 
parts or structures in which surfacing 
either has been profitably employed or is 
a prerequisite to successful service. These 
examples have been grouped in respect 
to the broad general types of service and 
have been taken from all branches of 
engineering. The types of alloys that 
would be serviceable for such applications 
are suggested on the basis of experience 
and are not necessarily complete. Subse¬ 
quent experience might enlarge or limit 
the utility of any one type of alloy. 

I. Surfaces subject to earth and other 
abrasion without heavy impact: drag 
scraper and ditcher teeth, harrow teeth, 
and plow shares, ash plows, shovels, pipe 
line elbows and Y’s, sand slinger cups, 
exhaust fans, chutes, tractor grousers, 
rotary oil well drill bits, stoker screws, 
tractor treads, roller bits, sand plows, tool 


joints. (Types I-A-2d; I-A-3c; I-A-4c 
and I-A-4d; I-C-l and I-C-2; 11-A and 
II-B; 111-A, III-B, and III-C.) 

II. Surfaces subject to abrasion with 
heavy impact: clam shell teeth, coke and 
metal crushing segments and rolls, swing 
hammers, drag scraper teeth, bulldozer 
tips, rabble discs, baffle plates, roll crusher 
plates and teeth, dipper teeth, tamping bars, 
crushing and pulverizing equipment, 
crusher cones. (Types I-A-3b; I-A-4b 
and I-A-4c; I-B-l and I-B-2, I-C-l and 
I-C-2; II-A; III-A, III-B and III-C.) 

III. Rolling and sliding metal-to-metal 
contact: sprocket teeth, shafts, sleeves 
and bushings, collars, lathe centers, ball 
joints, rolling mill guides, gear cones, 
wobblers, clutch plates, roll surfaces, rail¬ 
road rails and frogs, piston rods, thrust 
washers, locomotive throttle guides, car 
retarders, wire straightening rolls, crane 
wheels. (Types I-A-lb and I-A-lc; I-A- 
2b and I-A-2c; I-A-3a and I-A-3b; I-A- 
4a and I-A-4b; I-B-2; I-C-l; I-C-2a, 
I-C-2b and I-C-2c; II-A and II-B; III-A: 
IV-A, IV-B and IV-C; and V-C.) 

IV. Surfaces subject to erosion, corro¬ 
sion, wire drawing, etc.: valves and valve 
seats for steam, water, oil, etc., valve 
stems, sand-blast nozzles, steam cylinder 
pistons, hot oil pump pistons, vegetable 
oil extractors, pump shafts and sleeves 
of all tvpes, needle valves. (Tvpes I-B-la 
and I-B-lb; I-C-l; I-C-2a, 'l-C-2b and 
I-C-2c; II-A and II-B; IV-A, IV-B and 
IV-C; V-A, V-B and V-C.) 

V. Cold cutting edges of all sorts: en¬ 
silage cutters used on farms to shearing 
and trimming dies in a steel mill. (Types 

I- A-3 and I-A-4; I-C-l and I C-2; II-A 
and II-B; 111-A, III-B and III-C.) 

VI. Surfaces subject to hot service: 
steel mill guides, hot shears, aircraft 
valve seats, hot-drawing dies, deep-draw¬ 
ing centers, forming and upsetting dies, 
manipulator tongs. (Types I-A-3c; I-A- 
4c and I-A-4d; I-A-3; I-C-l and I-C-2; 

II- A and II-B; V-B and V-C.) 

B. METALLIZING 

FUNDAMENTALS OF PROCESS 
Definition 

Metallizing is a broad term for the appli¬ 
cation of metallic coatings to various 
surfaces by spraying with finely divided 
particles of molten metal. This discussion 
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is limited to the spraying of metal onto 
metal. Several basic types of metal spray 
guns have been developed, but the most 
widely used is the wire-type gun. With 
this gun, metal in the form of wire is 
introduced into an oxy-fuel gas flame 
surrounded by a blast of high-velocity 
air, and small particles of molten metal 
are projected against the work. Almost 
any metal or alloy may be applied, and 
coatings may be built up to an appreciable 
thickness. 

Metal deposited by this process re¬ 
sembles the base wire chemically, but the 
physical properties are quite different from 
those of the original metal. The struc¬ 
ture is not homogeneous, and photomicro¬ 
graphs show each particle to be at least 
partly surrounded by a fine oxide film 
(see Fig. 7). Tensile strength is quite 



500 x 

Fig. 7.—CroM Section of Sprayed Low-Carbon 

Steel 

high with some sprayed metals, but duc¬ 
tility is low, and all coatings are porous 
to some extent. Sprayed metals bear 
some resemblance to the stronger types 
of sintered metals, and as with the latter, 
they should be considered as separate 
and distinct metallurgical materials. 

Although metallizing is widely used 
for corrosion-resistant and production 


purposes, its greatest use in this country 
is in the machine element field. Worn 
or mismachined parts are restored to 
size by applying metal selected for the 
particular service involved. Sprayed coat¬ 
ings may be applied for this type of work 



Fig. 8.—Surface Preparation by Grit Blasting 


without overheating and distortion of the 
base metal. 

Principles of Operation 

1 he metallizing process is divided into 
two distinct parts. The first part is the 
preparation of surfaces to receive the metal 
and the second part, the application of the 
metal. 

Preparation of Surfaces .—With but one 
exception, the bonding of sprayed metal 
is accomplished mechanically, since there 
is no fusion between the sprayed metal 
and the base. Therefore, the base must 
be prepared to mechanically bond with 
the metal being applied. One of several 
types of preparation, as discussed later, 
may be used, but all employ some means of 
dovetail keying. Figure 8 illustrates the 
surface preparation obtained by blasting 
with crushed steel grit. 

The most commonly used method for 
shaft buildup provides a dovetail thread 
from end to end of the surface to be coated 
Since the sprayed metal is in a molten or 
plastic state when it impinges on the 
surface, it is forced under all projections 
and immediately solidifies. 

1 he one method of surface preparation 
which does not involve mechanical bonding 
employs a special molybdenum alloy which 
1*5 sprayed onto a clean surface which 
may be smooth or roughened. The special 
material forms a metallurgical bond 
with the base as shown in Fig. 9. This 
metal is used for a complete buildup or 
as a bonding coating only, with the re¬ 
quired metal being sprayed directly onto it. 
Each of the more common methods is 
described briefly below : 

1. Groove and Rotary Roughening Tool 
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Method: A rotary shaft preparing tool, 
which is used over a thread or over a 
series of grooves, produces an excellent 
bonding surface. This tool may be used 
with good results on any metal which is 
readily machinable. The surface obtained 
by this method is shown in Fig. 10. 

2. Rough Threading Method: Cylindri¬ 
cal surfaces such as shafts, rolls, etc., 
may sometimes be prepared by rough 
threading. The procedure consists of 
chasing a thread with a specially ground 
tool, in such a manner as to tear apart 
the surface and produce a rough, ragged 
thread. Rough threading can only be 
used on certain types of material and the 
operation is critical. A thread which is 
subsequently blasted with steel grit, how¬ 
ever, produces a very adherent surface. 
The surface obtained by this method is 
shown in Fig. 11. 

2. Metallic Spray Bonding Method: 
Certain alloys high in molybdenum may 
be sprayed directly on smooth surfaces 



2000 x 

Fig. 9.—Surface Bonding with Metallic Spray 

Bond Method 

of steel and other alloys, and bond to 
such surfaces by fusion rather than by 
mechanical interlocking. Wire suitable 
for this purpose is available. The use of 
this material as a bonding coat eliminates 


elaborate surface preparation, and presents 
many advantages in the scope and tech¬ 
nique of metal spraying. The surface ob¬ 
tained by this method is shown in Fig. 12. 

4. Electric Bond Method: The electric 
bond method is used to deposit on the 
surface a bonding coat of nickel alloy. 
This is accomplished by using a trans¬ 
former having the proper current charac¬ 
teristics, and stroking the work with 
nickel-alloy electrodes. Surfaces prepared 
by this method are quite rough and pro¬ 
duce a strong bond, but are generally un¬ 
suitable for thin, uniform coatings. The 
surface obtained by this method is shown 
in Fig. 13. 

5. Blasting Method: Probably the oldest 
method of surface preparation is abra¬ 
sive blasting, using either a force-feed 
or suction-feed blast generator or a centrif¬ 
ugal blasting machine. A medium grade 
of clean sharp sand is suitable as a prep¬ 
aration for thin coatings (up to 0.010 
in. thick) of low-melting-point metals. 
Steel grit is used in preparing surfaces 
for heavy coatings, or for the application 
of metals with high melting points. Alu¬ 
minum-oxide abrasive is quite widely 
used, but like steel grit, its use is limited, 
because of cost, to work which may be done 
in a blast room or cabinet. All outside 
structures, where the abrasive cannot be 
recovered, are blasted with sand, and 
blasting is the only economically feasible 
method of preparing large areas for metal¬ 
lizing. The surface obtained by this meth¬ 
od is shown in Fig. 14. 

Application of the Metal. —Application 
of the sprayed metal is accomplished with 
a metallizing gun which feeds the metal 
into an oxy-fuel gas flame (or other 
source of heat), atomizes it into very fine 
molten particles and projects it onto the 
surface at high velocity, by means of com¬ 
pressed air. The metal is normally applied 
in thin layers, less than 0.010 in. thick. 
Each layer bonds to the preceding layer 
in the same manner that each particle 
bonds to another. The nature of the bond 
is not fully understood, but there is strong 
evidence to support the theory, that the 
oxide-metal affinity plays an important 
part in bond between particles. 

Metallizing applications may be divided 
into two broad classes—machine element 
work and corrosion preventive work. The 
former class is generally a machine opera¬ 
tion, while the latter is, as a rule, a manual 
operation similar to paint spraying. The 


SURFACING AND METALLIZING 




rig. 10.—Surface Preparation by Groove and Rotary Roughening Tool Method 


technique of applying the metal is similar 
for all types of guns. 

For machine element application, the 
work is generally set up in a lathe or 
other machine tool, and the gun mounted 
on the tool post so as to traverse the 


work automatically. The distance from 
the gun nozzle to the work surface varies 
between A and 10 in., depending on the 
type of gun and the metal being sprayed. 
The surface speed of the work ranges 
from 25 to 200 ft. per minute. The traverse 



Fig. 11. 


urfac. Preparation by Rough Threading Method 


10 X 
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10 x 

Fig. 12.—-Surface Preparation by Metallic Spray Bond Method 


is usually fast enough to deposit only a 
few thousandths of metal per pass. 

It is possible to apply heavy coatings in 
a single pass by using a slow traverse. 
This method is favored by some users, 
and is satisfactory with certain metals. 
The coating may also be built up in a 


number of fast passes. Coatings applied 
in a few passes, at medium traverse speeds, 
may have laminar or stratified struc¬ 
tures. The multiple-pass method is gener¬ 
ally recommended because it is safer than 
the single-pass method. 

Flat surfaces and large areas are usually 



Fig. 13.—Surface Preparation by Electric Bond Method 
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coated manually in a manner similar to 
paint spraying. Thickness may be con¬ 
trolled by calculating the area, and weigh¬ 
ing out. the required amount of wire. 
Ordinarily, the surface will be traversed 
three to six times, usually with alternate 
vertical, and horizontal passes of the gun. 
The finished coating can be checked with 
an electric thickness gage immediately 
after spraying, and if any thin sections 
are found more metal can be added. 

Production spraying of small parts may 
be done in tumbling barrels. This method 
results in very uniform deposits, and a 
minimum of metal loss. The tumbling 
action also tends to improve the finish. 
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0.001 to 0.003 in. utilizing this method. 

In this process, the surface is first pre¬ 
pared in the same manner as for other 
metallizing work. The surfacing alloy is 
then applied either with a powder gun, 
or with a wire gun. For depositing hard 
alloys, a plastic-bonded wire or rod is 
available. In this case, the plastic constit¬ 
uents are completely volatilized during 
the spraying operation. The coating is 
built up to the required thickness, plus an 
allowance of 25% for shrinkage during the 
fusing operation. 

The alloy used for this process possesses 
excellent resistance to oxidation, a wide 
range of plasticity (1850 to 2050°F.) and 
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Fig. 14. Surface Preparation by Blasting Method 


10 X 


Small hardware, costume jewelry, etc., 

may be economically processed in this 
manner. 

The Spraywcld Process .—This process 
differs from regular metallizing applica¬ 
tions in that the sprayed deposit is sub¬ 
sequently fused to the base metal. Thus, 
the metallizing gun is simply used to pre- 
place the required amount of surfacing 
material. After fusing, using one or 
more acetylene torches, the surfacing 
alloy is homogeneous, free from segrega¬ 
tion, of uniform thickness and smooth. 

I he thickness may be controlled within 


t ie ability to fuse to a wide variety o 
metals. Hardness of surfaces produced b} 
this process is Rockwell C58 to C61, anc 
in many cases such surfaces will outweai 
Iwdened steel in the ratio of ten to one 
T wishing Sprayed Metals .—Sprayet 
metals may be finished by grinding, ma- 
chm.ng, wire-brushing, honing, lapping 
or polishing. The degree of surface 
hmsh depends largely on the type of metal 
involved, but most of the commonly used 

Hifflr S l,- an<1 - f a !'° yS d ° not present an y 
difficulties if the proper technique is em¬ 
ployed. The method of grinding tool 
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Table 2—Chart of Recommended Tools, 

Speeds and Feeds for Machining Sprayed Metals 

Metal 

Tool No. 

(See Fig. 15) 

Surface Speed, 

Ft. per Min. 

Feed, In. per 
Re\ olution 

Yellow brass 0 

2 

100-125 

0 003-0 005 

Commercial ronze° 

A m 9 m 

3 

100-125 

0.003 -0 005 

Aluminum b 

3 

150-200 

0.003-0 005 

Aluminum bronze 

1 

100-125 

0 003-0 005 

Babbitt (97% tin, 3% copper) 

3 

150-250 

0 005-0 007 

Phosphor bronze 

1 

100-125 

0 003-0.005 

Tobin bronze 

1 

100-125 

0 003-0.005 

Monel 

3 

100-125 

0 003-0.005 

Nickel 

3 

100-125 

0.003-0.005 

Copper© 

3 

100-125 

0.003-0.005 

Lead 

3 

150-250 

0.005-0.010 

18-8 stainless steel 

3 

100-125 

0.003-0.005 

High-chromium high-carbon stainless steel 
0.10% carbon steel 

Grind 

3 

75-100 

0.003-0.005 

0.25% carbon steel 0 

2 

50-75 

0.003-0.005 

0.40% carbon steel 0 

2 

50-75 

0.003-0.005 

0.80% carbon steel 

Tin 

Grind 

3 

150-250 

0.005-0.007 

Zinc 

3 

150-250 

0.005-0.007 


a To improve greatly the machine finish on commercial bronze and brass apply liberal coat of mixture 
of one part cylinder oil plu^ one part kerosene to the sprayed metal, with a brush, and allow to stand 
for 20 to 30 min before machining 

& The same treatment applied to copper and aluminum will give a slight improvement to machine 
finish. 

c The same treatment applied to steels will not improve the machine finish but will help greatly in 
preventing the tool from burning and permit higher machining speeds. The treatment is especially 
helpful in machining any hard sections that may be encountered at the ends of the sprayed section or 
in corners. 

Note: Do not use this, treatment on stainless steel, nickel, Monel, aluminum bronze, phosphor 
bronze and Tobin bronze since to do so will result in a poor instead of an improved machine finish. 


bits for machining sprayed metal is shown 
in Fig. 15. Speeds and feeds for this 
operation are given in Table 2. 

Cemented carbide tools are often used 
for machining sprayed metal, and machine 
finishes of 5 to 10 micro-in. are readily 
obtained. Finer finishes or close toler¬ 
ances usually require grinding, and the 
manufacturers of metallizing equipment 
have published recommendations for 
grinding wheels and technique. 


General Effect of Use of Process on 

Base Materials 

Metallizing has very little effect on 
the base material. Although the metal 
particles reach the surface in a molten 
condition, they are so finely divided and 
so evenly distributed that local overheating 
is seldom a problem. The temperature of 
the base material usually does not exceed 
300 °F. in machine element work. Dis- 


N 



* 

A 


!5° Provided 
By Holder Ct 


/ 



A-Nose Angle 
B-S/de Rake Angle 
C- Side Reliee Ancle 
D- Working Reliee Angle 
N-Nose Radius 



Tool 

A, 

B, 

c, 

D, 

No. 

deg. 

deg. 

deg. 

deg. 

1 

80 

0 

10 

As 

2 

80 

10 

10 

small 

3 

80 

15 

10 

as 

possible 


N, 

in. 


0.030 

0.030 

0.040 


All tools ground for use in Armstrong-type holder. 

Fig. 15.—Grinding Tool Bits for Machining Sprayed Metal 
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Table 3—Relative Bond Strengths of Different Methods of Preparation 

for Various Base Materials (for Steel Coatings) 


Method of Preparation 

Electric bonding—fine grain 

Electric bonding—medium 

Electric bonding—coarse 

Electric bonding—24 pitch full 
thread 

Grit blast (SAE G18 steel) at 
90 psi. or for base hardness 
exceeding 50 R«. Aluminum 
oxide at 90 psi. 

Groove and rotary roughening 
tool method 

Roughening tool over 24 pitch 
75% thread 

Rough thread—24 pitch full 
depth 

Metallic spray bonding over 
smooth surface 

Metallic spray bonding over 
24 pitch thread 


Cast 2S 

Iron Aluminum 


4 

3 

5 

1 

4 

1 

6 

5 

7 

1 

7 

1 

9 

8 

9 

1 to 5“ 

9 

2 

10 

10 

10 

1 to 6° 

10 

2 

6 

4 

2 

3 

4 

3 

10 

Not ap¬ 
plicable 

Not ap¬ 
plicable 

10 

10 

6 

10 

Not ap¬ 
plicable 

Not ap¬ 
plicable 

10 

10 

6 

8“ 

1 

Not ap¬ 
plicable 

6“ 

9“ 

2 

8 

9 

9 

Not ap¬ 
plicable 

10 

5 

10 

10 

10 

Not ap- 

10 

8 


plicable 


—-Base Material- 

Alloy Steel Steels 

Hardened Hardened 
Cold to Approxi- to Approxi- 

Finished mately mately 

Steel 52 Re 67 Re Bronze 


“Field experience indicates considerable variation in results depending on base material analvsis 
and operator technique. Tests should be made. naiuiai analysis 


tortion and recrystallization are not en¬ 
countered. 

Effects of Surface Preparation. —Prep¬ 
aration of the surface usually has more 
effect on the base metal than the spraying 
operation, and this is one of the reasons 
why several methods of preparation have 
been developed. Tables 3 and 4 show 
relative values of different bonding meth¬ 
ods. The effects of each may be summed 
up as follows: 

1. The rotary roughening tool is usually 
employed with a groove or thread which 
is rounded at the bottom, and the danger 
of stress concentration is less than when 
a rough thread is used. 

2. Rough threading should be avoided 
on highly stressed parts, because of the 
possibility of stress concentrations. 

3. Sprayed undercoats have less effect 
on the base metal than any other known 
method of preparation. Photomicrographs 
show no changes in the base metal at the 
depth of 0.0001 inch. Shallow undercuts, 
with tapered ends, result in a minimum re¬ 
duction in diameter and a minimum of 
stress concentration when this method is 
used. 

4. Electric bonding lowers the fatigue 
resistance of some materials, by inducing 
a tensile stress in the surface, and by 
embrittlement of the base material at the 
surface. This is particularly true of steels 
which are readily quench-hardenable. 
Only a very thin skin is affected, however, 


and the loss of strength is negligible ex¬ 
cept on very highly-stressed parts. On 
Hat surfaces having a thin section, this 
method may produce some distortion. 

5. Blasting produces a compressive 
stress on the surface of the work, and 
this stress increases with higher pressures 
and coarser, heavier abrasives. Under 
some conditions, blasting may improve 
the fatigue resistance of the work; on 
thin sections, it will result in distortion. 

Effects of Coating Stresses .—All 
sprayed coatings tend to shrink when ap¬ 
plied, and the extent of this contraction 
varies with different metals. On cylin¬ 
drical shapes this shrinkage imposes only 
a light compressive stress on the base 
metal and the effect is negligible. On 


Table 4—Key to Bond Factors Shown in 

Table 3 


Factor 

10 
9 
8 
7 
6 
5 
4 
3 
2 
1 


Approximate 
Shear Strength 
in Psi. by Test 

10,000 and over 
9,000-10,000 
8.000- 9,000 
7,000 8,000 

6.000- 7,000 
5.000- 6.000 
4 000- 5,000 
3,000- 4.000 
2,000- 3.000 
Less than 2,000 


Approximate 
Tension Strength 
in Psi. by Test 

3000 and over 
2400 3000 
2000-2400 
1800 2000 
1600-1800 
1400-1600 
1200-1400 
1000-1200 
800-1000 
Less than 800 


7 he bor Y. J factors K«ven in Table 3 are 
determined according to the above table If 

farTor an t d » tc . nS, ° n , values .indicate different bond 
factors, the lesser factor is used. 
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flat surfaces, particularly thin sections, 
the contraction of the sprayed coating 
may cause some distortion. 

Effects of Heat Due to Spraying.—' The 
blast of air which constitutes part of the 
spray stream of a metallizing gun prevents 
excessive temperature rise on most work. 
In general practice, machine parts are 
not allowed to heat above 300°F. during 
the spraying operation. Small pieces may 
require the use of an auxiliary stream of 
cooling air, and it is entirely possible to 
apply sound coatings without raising the 
temperature of the base metal above 
100°F., if desired. 

Quality of Sprayed Deposits 

Mechanical Properties.—As previously 
noted, the mechanical properties of 
sprayed metals are dissimilar to those of 
the base metals. Tensile strength of the 


Porosity of sprayed deposits is a dis¬ 
advantage where corrosion is a factor, 
and for such applications the process is 
generally limited to coatings which are 
anodic to the base material. For bearing 
surfaces, porosity is definitely advanta¬ 
geous; it improves the oil retention of 
the surface, and provides an escape for 
foreign matter from actively loaded areas. 

Hardness of sprayed coatings, as meas¬ 
ured on the usual type of hardness tester, 
may be misleading. This is particularly 
true of quench-hardenable steels. The 
hardness of the particles which make up 
the coating will be much higher than the 
overall hardness of the coating. Micro¬ 
hardness tests show that the particles of 
a straight high-carbon steel have a hard¬ 
ness equivalent to Rockwell C67; regular 
Rockwell test of the surface will show 
a hardness of 38 to 40 C. 


Table 5—Mechanical and Physical Properties of Sprayed Metals 



Specific 


Tensile 

Ultimate 


Metal 

Rockwell 

Strength, 

Strain, 

Shrinkage 

C »ravity 

Hardness 

Psi. 

% 

In./In. 

Aluminum 

2.408 

H-72 

19,500 

0.23 


o Vo Silicon-Aluminum 

• • • 

B-64 

37,500 

0.5 \ 

• • • • 

Aluminum bronze 

Tobin bronze 

7! 401 

B-92 

B-64 

31,000 

14,000 

0.62 

0 51 

0.0048 

0 010 

Copper 

Monel 

7.535 
7.671 

F-78 

F-79 

13,000 

0.45 

• • • • 

Nickel 

7.551 

F-88 

• • • • 


• • • • 

Low-carbon steel 

6.673 

B-90 

30,000 

0 30 

• • • • 

0 008 

Medium-carbon steel 

6.782 

B-95 

34,700 

0.46 

0 006 

High-carbon steel 

6.356 

C-39 

27,500 

0.42 

0.0014 

Type 420 stainless steel 

6.742 

C-35 

40,000 

0 50 

0 0018 

Type 304 stainless steel 

6.934 

B-84 

31,000 

0.27 

0.012 

Zinc 

6.363 

H-46 

13.000 

1.43 

'•r * * 


various steels, sprayed under normal con¬ 
ditions, varies between 20.000 and 40,000 
psi. Compressive strength is generally 
high, considering the structure; all steels 
are well over 100,000 psi. The specific 
gravity runs from 82 to 94% of that of 
the wire used. 

All sprayed metals tend to contract 
when deposited. The amount of con¬ 
traction has been found to vary widely 
with different metals, and does not con¬ 
form to the normal thermal contraction 
for these metals. Contraction sets up 
stresses in the deposit, and should be taken 
into consideration on each job, since it may 
be th£ deciding factor in determining the 
method of preparation and in selecting 
the best metal to use for spraying. Metals 
having a low shrink should be used when¬ 
ever possible, especially for heavier coat¬ 
ings and inside diameters. 


Tensile strength of sprayed metal is a 
direct measure of the cohesion of the 
particles which make up the coating. 
As such, it may be of importance even 
where the coating will not be stressed in 
tension. Some conditions of wear tend 
to dislodge surface particles, and tensile 
strength is a measure of the ability of 
the coating to withstand this type of wear. 

Table 5 shows the important mechanical 
and physical properties of a represent¬ 
ative group of metals, sprayed under nor¬ 
mal conditions, with modern guns of the 
wire type. Variations in type of equip¬ 
ment, and in spray technique, may show 
results which differ considerably. 

Quality Control and Prevention of 

Defects 

Defective metallizing may result from 
any one of a number of causes. All of 
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these causes are subject to control, and 
reasonable care, along with a fair under¬ 
standing of the fundamentals of the 
process, should produce consistently good 
work. Improved equipment and a broader 
knowledge of the physical properties of 
sprayed metal have eliminated much of 
the guesswork from metallizing. Below 
are listed some of the more common 
sources of trouble. 

Moisture in Air Supply .—Excessive oil 
or water in the air supply may cause 
fluctuation in the flame, accompanied by 
poor atomization of the metal. In ex¬ 
treme cases, it may be blown from the 
gun periodically in considerable volume, 
and may adversely affect the coating or 
the bond to the base metal. 

If the air is reasonably clean, an or¬ 
dinary air filter between the air source 
and the gun hose is used. A filter on 
both the inlet and outlet sides of the air 
regulator is frequently advantageous. If 
the air cannot be cleaned sufficiently by 
these means, an aftercooler is required. 

Fluctuating Air Pressure. —Some guns, 
particularly those not equipped with a 
governor, are sensitive to air pressure 
fluctuation. An air regulator between the 
gun hose and the air source is required, 
and it should be capable of maintaining the 
air pressure within fairly close limits re¬ 
gardless of line pressure. 

Fluctuating Gas Pressure. —The correct 
gas balance for spraying most metals is 
that which results in the greatest spraying 
speed. If the gas balance changes, the 
wire will run out too far and the coating 
will be very coarse. Fluctuation in gas 
or oxygen pressure indicates the need 
for overhauling or replacing the regula¬ 
tors. 

Incorrect Gas-Oxygen Balance. —The 
oxygen-to-gas ratio is not so critical as 
might be expected with most metals. 
Since the melting takes place close to the 
base of the flame, the metal is inevitably 
exposed to uncombined oxygen at a high 
temperature. Some oxide will form, 
even when a reducing gas-oxygen ratio 
is used. Further, the thickness of the 
oxide film on the metal droplets does 
not vary greatly with minor changes in 
gas-oxygen balance. The operator should 
have no difficulty in recognizing, by its 
color, a flame which is badly off balance. 
However, for really accurate control of 
the flow of gases, flow meters should be 
used The use of flow meters eliminates 


guesswork in balancing the gases, and 
usually results in increased spraying 
speeds and better work. 

Some metals, such as tin, copper and 
particularly cadmium, are adversely 
affected by excessive oxygen. The gas 
balance is generally more critical with 
powder type guns than with wire type 
guns, because the metal has much greater 
surface area per unit of weight. 

Incorrect Wire Feed.— Sprayed metal 
particles vary greatly in size. A normal 
deposit with a wire-type gun consists of 
particles approximately 0.0001 to 0.0015- 
in. diam. (as spheroids, in transit; they 
flatten on impact). If the wire feed is too 
slow, a large proportion of the metal parti¬ 
cles will be extremely fine. Since the 
oxide film thickness is nearly the same 
regardless of particle size, it is readily ap¬ 
parent that extremely fine coatings will 
consist largely of oxides. Such coatings 
are brittle, difficult to machine and sus¬ 
ceptible to cracking. Spraying with slow 
wire feed is the most common cause of 
this trouble. 

The makers of metallizing guns usu¬ 
ally recommend the correct rate of feed 
for the various wires. If this rate is ex¬ 
ceeded, the wire tip will sputter and 
coarse particles or lumps will be deposited 
on the work. This should be avoided 
and the wire should be fed at a rate con¬ 
sistent with good atomization. 

With powder-type guns, a slow rate of 
feed will result in excessive oxidation and 
low deposition efficiency. If the powder 
is fed too fast, a large proportion will 
strike the work surface in an unfused 
state and will not adhere. 

Slmv Traverse on Machine Work. _In 

building up shafts, rolls, etc., the gun 
should traverse the work at a rate which 
will deposit only a few thousandths at 
each pass. If the traverse is too slow, 
local overheating may result. Another 
effect of slow traverse is the develop¬ 
ment of a laminar structure, as a result 
of excessive oxide and dust trapped in 
the surface pores. Such coatings may not 
take a good finish, or may even fail in 
service by layer separation. 

Condensate.— Under some circum¬ 
stances, an invisible layer of condensate 
may exist on the surface to be sprayed. 
This may result in a poor bond, even 
though the surface preparation is other¬ 
wise correct. A mild preheat, either with 

the gun or with a torch, is recommended 
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as a precautionary measure. Warming up 
the surface to approximately 200°F. is 
sufficient; this also tends to pre-expand 
the work slightly and results in less stress 
in the finished coating. 

_ On large areas, and particularly on out¬ 
side work, it is usually not practical to 
preheat. Metallizing under such condi¬ 
tions should be done during periods of 
low humidity, if possible. 

EQUIPMENT USED 

The equipment required for metalliz¬ 
ing naturally varies with the type of work. 
In addition to the gun, hoses and im¬ 
mediate accessories, the equipment listed 
below is in common use. 

Surface Preparation Equipment 

Force-Feed Blast Generators. —Large 
areas require the use of force-feed type 
blast generators. Such units come in a 
wide range of sizes. A typical unit of 
average size has a capacity of 1000 lb. of 
sand, and may be used with a 3 / 10 - to B / 10 - 
in. nozzle. The blasting rate will depend 
on nozzle size, air pressure, type of abra¬ 
sive and condition of work surface. With 
sand, on outside work, up to 300 sq. ft. 
per hr. may be blasted with a medium¬ 
sized machine using a Vio-in. nozzle. 



Fig. 16.—Rotary Roughening Tool 


With SAE G-25 angular steel grit, in a 
blast room or inside a tank, 100 sq. ft. 
per hr. is a good average. 

Suction-Feed Blast Cabinets — Suction- 
feed blasting uses air less efficiently than 
force-feed blasting, but has the advantage 
of being a continuous operation. A suc¬ 
tion-feed cabinet eliminates the need of 


periodically reloading the abrasive hop¬ 
per. For small parts which are easily 
handled and positioned manually, the 
cabinet-type blast has other advantages. 



Pig. 17.—Typical Manual ^Metallizing 

Gun 


The operator is not exposed to flying 
abrasive, and special protective garments 
are not required. Lost time in prepar¬ 
ing for blasting is eliminated; this is im¬ 
portant on small, intermittent blast opera¬ 
tions. Used with aluminum oxide abra¬ 
sive, the suction feed blast is much more 
efficient than when used with steel grit. 

Centrifugal Blasting Machines. —Equip¬ 
ment of this type is usually restricted to 
production or semi-production applica¬ 
tions. For such work, it offers the ad¬ 
vantage of relatively high efficiency in 
terms of power used. It has the disad¬ 
vantage of being somewhat less flexible 
than blasting equipment using air, and the 
initial installation cost is higher. 

Electric Bonding Equipment. —Trans¬ 
formers suitable for electric deposition of 
a bonding coat may be connected to any 
110-220 volt a.c. power source, either 25, 
50 or 60 cycles. This method of bonding 
is restricted to machine parts; it is not 
suitable for large areas where corrosion- 
protective coatings are applied. 

Rotary Roughening Tool. —This tool 
shown in Fig. 16, is used in a lathe for 
preparing cylindrical surfaces. It is 
limited to metals which are readily ma¬ 
chinable, but provides a very strong bond 
on such metals. 

Spraying Equipment 

Wire-Type Guns.— The great majority 
of metallizing work is done with guns 
of this type. As a result, a number of 
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models have been developed to meet the 
various requirements of different classes of 
work. 

Manually operated guns generally weigh 
from 3 to 6 lb., and use wire from 20 B&S 
(0.32 in.) to Vs in. in size. A typical 
gun is shown in Fig. 17. Some handwork, 
especially on large areas, is done with 
guns using s /ia-in. wire. The smaller 
wires are generally used where the rate 
of deposition must be low, or where small 
areas are to be covered. 

For general shop work, either manual 
or semi-automatic guns (as on a lathe, 
with the gun mounted in the tool post) 
in the 4- to 6-lb. range are commonly 
used (see Fig. 18). Guns in this class 


Modern wire guns may be used ef¬ 
fectively with almost any combustible gas. 
The use of larger rod or wire has greatly 
increased the speed of application. Im¬ 
proved feeding mechanisms, with means 
for accurately adjusting and controlling 
the wire speed, have eliminated many 
of the former difficulties. Metallizing 
gunS of this type consist essentially of 
two parts—the power unit which feeds 
the wire, and the gas head which con¬ 
trols the flow of gas, oxygen and air. 
The principles of operation of all wire- 
type guns are similar. 

Although electrically-powered guns 
have been used to some extent, com¬ 
pressed air is generally employed as a 



Fig. 18.—Metallizing Gun Mounted in Lathe for Building Up Crankshaft 


usually use 11 B&S gage (0.091 in.) or 
‘/■-in. diain. wire and spray from 4 to 12 
lb. of steel per hour. Heavy-duty models 
using Via-in. wire weigh 10 lb. or more 
and are used on large machine parts or 
on automatic production work (see Fig. 
19). In the application of steel and other 
hard metals they spray 15 to 20 lb. per 
hour. These guns are occasionally used 
for manual spraying as shown in Fig. 
20, in which the zinc is being deposited at 
a rate of 55 lb. per hour. 


source of power because of greater flexi¬ 
bility. The wire speed varies with the 
type of metal, wire size and gas used, and 
it is essential that the proper speed is 
maintained during the spraying opera¬ 
tion. For this purpose, a high-speed air 
turbine, controlled by a governor or a 
needle valve, is used to drive a pair of 
knurled rolls through suitable reduction 
gears, and advance the wire into the flame 
at the correct rate. 

The gas head consists of a valve or 
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valves to control the gas and air flow, 
and a wire nozzle and air cap to melt 
and atomize the wire. The wire is fed 
through a central orifice in the nozzle 
which is surrounded by gas jets directed 
against the wire at an angle. These jets 
are surrounded by a high velocity air 
stream. As the wire advances into the 
heating zone, it is melted by the flame 
and fine droplets of molten metal are 
picked up by the gas and air stream, and 
projected against the work. 


The compressed air supply should be 
reasonably free of oil and water, and a 
minimum pressure of 60 psi. is usually 
required. Modern guns use from 10 to 
40 cu. ft. per min. of air, depending on 
size and type. 

Powder- Type Guns.—G uns which use 
powdered metal are similar in many re¬ 
spects to the gas head of a wire gun, but 
have no power unit. Metal powder is 
carried in an air stream from the powder 
reservoir to the gun where it feeds 



Fig. 19.—Heavy-Duty Production Type Metallizing Gun 


If the rate of wire feed is excessive, 
the wire tip will extend out too far and 
the metal will not atomize properly. If 
the feed is too slow, the metal will oxi¬ 
dize badly and the wire may fuse in the 
nozzle. 

Gas and oxygen pressures vary with 
different guns, but the volumetric ratio 
is generally such as to produce a neutral 
flame. Fairly accurate gas regulation is 
desirable and two-stage regulators are 
generally used. Although propane, hy¬ 
drogen, natural gas or manufactured gas 
may be used, the majority of present op¬ 
erators use acetylene. 


through a central orifice in the nozzle. 
The powder may be ejected from the 
reservoir by pressure, or aspirated by a 
Venturi tube in the gun, or both. As the 
metal powder enters the flame, it is melted 
and propelled against the work in the 
same manner as with the wire-type gun. 
The use of powder guns is generally re¬ 
stricted to metals having low melting 
points. 

Crucible-Type Guns .—Metals and alloys 
having melting points below 600°F. may 
be sprayed with crucible-type guns. Such 
guns consist essentially of a reservoir of 
the molten metal to be sprayed, and means 
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for feeding the metal into an air stream. 
The heat source may be either an electric- 
resistance element, or a gas flame directed 
against the reservoir. Equipment of this 
type is generally used for the application 
of solder in body and fender repair work. 




rig. 20.—Manual Operation of Heavy-Duty 

Metallizing Gun 


Electric Arc Guns. —Some work has 
been done to develop metal spray guns 
using an electric arc as a heat source. 
One such gun, produced in a limited 
quantity in Europe, feeds two wires simul¬ 
taneously and maintains an arc between 
the two wire tips. Because of excessive 
superheat, coatings sprayed with this type 
of equipment are usually highly oxidized 
and very brittle. 

Gas and Oxygen Equipment 

Regulators. —Although two-stage regu¬ 
lators are not always essential for use 
with metallizing equipment, they are 


recommended because of greater stability. 
Nearly all welding regulators have ample 
capacity for metallizing work. 

Flow Meters. —The use of flow meters 
is strongly recommended. Not only do 
they provide for more accurate adjust¬ 
ment of the gas-oxygen ratio, but they 
permit immediate detection of fluctuating 
pressures and restrictions in hoses and 
guns. 

Gas Manifolds. —Heavy-duty guns or 
multiple-gun operations may call for the 
use of oxygen and acetylene manifolds. 
Such manifolds should provide for two 
separate banks of cylinders, so that while 
operating on one bank the cylinders may 
he changed on the other without inter¬ 
ruption of the work. 

Gas Compressors. —Some installations 
operate on city gas, and require a com¬ 
pressor to raise the gas pressure. Such 
installations should he approved by the 
local gas company before operating. 

Air Equipment 

Air Compressor. —The size of the air 
compressor will depend entirely on the 
nature of the work. It is necessary to 
calculate the requirements, based on the 
number and type of guns and on blast¬ 
ing equipment. Some excess capacity is 
always advisable. For example, in a 
metallizing shop using three guns hav¬ 
ing a total air requirement of 85 cu. ft. 
per min. and a blast machine using 90 
cu. ft. per min., a 50-lip. compressor, 
which will deliver 200 cu. ft. per min. at 
100 psi. would he adequate. It is pos¬ 
sible that all three guns and the blast 
machine might he operated simultaneously, 
and some excess air for cooling, etc.,' 
may he needed. 

Ajtercoolcrs and Filters. —Excess mois- 
ture in the air causes trouble in spraying 
and even more trouble in blasting opera¬ 
tions. A water-cooled aftercooler is al- 
mo>t essential, particularly on compressors 
larger than 10 horsepower. 

Even with an aftercooler, some conden¬ 
sate will form in the pipe lines, and a 
biter is needed at the air outlet to each 
Run. 7 hese biters should he large enough 
to pass the required volume of air with 
a minimum drop in pressure, and should 

be so constructed that they may he cleaned 
periodically. 

Exhaust Equipment 

Adequate ventilation is essential for 
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metallizing operations. Some metals such 
as lead and cadmium are extremely toxic, 
and others such as copper, tin and zinc 
produce fumes and dust which are ob¬ 
jectionable. Exhaust systems vary in 
type, but for manual work in a spray 
booth, a minimum air velocity of 200 ft. 
per min. through the entire front open¬ 
ing is required. Lathe exhaust hoods are 
used to pick up dust from spray opera¬ 
tions in machine element work. Spray 
rooms having exhaust vents, usually at 
the floor level are used for spraying 
larger pieces. 

Even the most elaborate exhaust system 
is inadequate for the spraying of lead and 
cadmium, and a force-feed type of gas 
mask is used. For zinc, tin, copper and 
other metals, a filter-type respirator may 
be required, depending on the nature of 
the work and the exhaust system. 

COMMON APPLICATIONS 

Sprayed metal applications fall into five 
broad classifications, some of which over¬ 
lap. These classes may be described as 
mechanical, corrosion-resistant, electrical, 
foundry and decorative. By far the most 
important in this country is the mechani¬ 
cal class, although in England and on the 
Continent the process is very widely used 
for corrosion resistance. 


Table 6 Metallizing Applications 


Machine Element Salvage and Repair, Common 
to Many Industries: 

Restoring to size bearing surfaces on rolls, 
journals, motor and generator shafts, crank¬ 
shafts, spindles, etc. 

Salvaging mismachined parts by adding metal 
where needed. 

Surfacing plug and ring gages, conveyor 
screws, extrusion screws and small rams, 
etc., by snray welding. 

Foundry Applications: 

Filling in flaws in defective castings. 

Building up worn areas on metal patterns. 

Corrosion Resistance Applications: 

Protecting steel structures from atmospheric 
corrosion. 

Protecting steel hulls and marine fittings from 
fresh and salt-water corrosion. 

Providing protection against mild acid and 
alkaline solutions. 

Protecting furnace parts, annealing pots, car¬ 
burizing boxes, exhaust stacks, etc., from 
heat corrosion. 

Filling cavitations in turbine wheels. 

Electrical Applications: 

Production of condenser plate aluminum 
sprayed on cloth tape. 

Production spraying of copper contacts on 
carbon brushes. 

• , spraying of resistance elements— 
grids sprayed on glass. 

Spraying of printed circuits on plastic or 
Bakelite bases. 


1 able 6 lists some of the more common 
applications. 

Metallizing is not used extensively for 
decorative purposes, since the cost of 
finishing to a fine polish is too high to 
compete with plating. Some work has 
been done on statuary, outdoor signs, 
book ends and the like. Work of this 
sort is entirely feasible, especially where a 
wire-brush finish is satisfactory. 

In the corrosion-resistance field, metal¬ 
lizing is generally limited to zinc and 
aluminum coatings. Although tin, lead 
and cadmium are used to some extent, all 
sprayed metal is slightly porous, and 
coatings which are cathodic to the base 
material may fail rapidly. 

In the electrical field, sprayed metal 
has found a wide variety of uses. When 
used as a conductor, the resistance is 50 
to 100% higher than that of the same 
metal in a solid form, and this must be 
taken into consideration in designing re¬ 
sistance heaters, printed circuits, etc. 
Figure 21 shows a radio circuit produced 
by spraying copper un a plastic plate. 



Fig 21.—Radio Circuit Produced by Metal¬ 
lizing 


There are several uses for the process 
in foundry work. Slight changes in the 
contour of expensive patterns or match 
plates may be easily accomplished. The 
abrasion of patterns and molds by sand- 
slingers has long been a problem; peri¬ 
odic metallizing is used to maintain proper 
dimensions. Salvage of expensive cast¬ 
ings, such as motor blocks, is very com¬ 
mon (see Fig. 22). 

In the mechanical field, metallizing is 
used to combat nearly every type of wear. 
The ability of sprayed metal to absorb 
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and maintain a film of lubricant is a 
distinct advantage for this class of work. 
Except for severe conditions of shock or 
abrasion, sprayed surfaces will often out¬ 
wear the original surface by a considerable 
margin. 

The use of the process enables the de¬ 


sign engineer to select low-cost base 
materials, and apply high-quality wear- 
resistant coatings where needed. Unique 
combinations such as magnesium or alu¬ 
minum pulleys or rolls, surfaced with 
sprayed metal, present many advantages 
in machine design. 



Fig. 22.—Salvaging Motor Block Casting by Metallizing 
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CHAPTER 22 


BRAZING* 


FUNDAMENTALS OF PROCESS 

Definition and General Description 

Brazing is one of the oldest processes 
for joining metals by use of heat. A filler 
metal which melts at a temperature be¬ 
low the melting point of the base metal 
or parts to be joined is always used be¬ 
cause the term brazing implies that the 
joint is made without melting the base 
metal. 

Among the filler metals commonly used 
are the spelter solders which are com¬ 
posed of approximately equal parts of 
copper and zinc and have melting points 
of about 1600° F. They are supplied in 
granular form by crushing and screening 
as they are too brittle for rolling or 
drawing. Other brasses containing 
higher percentages of copper with cor¬ 
responding higher melting points are used 
in wire or strip form, and it is possible 
that brazing was originally called “brass¬ 
ing” because of the type of filler metal 
commonly used. The higher temperatures 
required for brazing and greater strength 
of the bond distinguish brazing from 
soldering with soft solders. 

There has been a phenomenal growth 
in the fabrication of products and equip¬ 
ment by joining cast or wrought metal 
parts. There has been a corresponding 
development in the welding and brazing 
processes; the latter involving the use of 
filler metals ranging from the low tem¬ 
perature silver brazing alloys (silver 
solders) melting in the range of 1100° F 
to 1600° F to copper base alloys or cop¬ 
per, requiring brazing temperatures from 
1300 to 2150° F. 

With increased use of brazing, different 
terms began to appear such as low-tem- 
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perature brazing, high-temperature braz¬ 
ing, copper brazing, braze welding and 
others. Much thought has been given to 
defining the different metal joining proc¬ 
esses in modern use, particularly with 
the purpose of indicating the general 
characteristics of the joint. 

Welding is an old term which has been 
used widely in recent years as indicating 
a fusion or melting of the joint members 
along the joint, either with or without a 
filler metal being used. After much con¬ 
sideration the American Welding So¬ 
ciety has adopted the following definition 
for brazing: 

“A group of welding processes wherein 
coalescence is produced by heating to 
suitable temperatures above 800° F. and 
by using a nonferrous filler metal having 
a melting point below that of the base 
metals. The filler metal is distributed be¬ 
tween the closely fitted surfaces of the 
joint by capillary attraction.” 

It is important to note carefully the 
limitations placed upon brazing by this 
definition. It does not include what is 
commonly referred to as braze welding. 
Braze welding is described in chapters 
discussing gas welding and copper weld¬ 
ing. 

Torch brazing, particularly if assem- • 
blies of stationary air gas burners are in¬ 
cluded, is the most widely used process. 
Furnace brazing and induction brazing 
require considerably greater capital in¬ 
vestment but are coming into use more 
extensively where modern production 
lines are used. 

A study of the grouping of the brazing 
processes will show that the different 
processes have many common factors, and 
in all the processes the temperature of the 
base metal must be lower than its melt¬ 
ing point. It is important, therefore, to 
know the melting points of the base 
metals as well as those of the filler metals. 
With different filler metals having melt- 
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ing points ranging from 1100 to 1983°F., 
there is a wide choice for brazing differ¬ 
ent ferrous and nonferrous metals and 
dissimilar metals. More specific informa¬ 
tion for brazing different metals will be 
found in Chapters 27 to 37 inclusive. 

Aluminum brazing is similar to the 
brazing of any other material except that 
aluminum brazing alloys are used. This 
subject is discussed more extensively in 
Chapter 32—Aluminum and Aluminum 
Alloys. 

Brazing Factors 

There are certain fundamental factors 
which have to be considered in making 
satisfactory joints with all brazing proc¬ 
esses, of which the following are most 
important: 

Design of Joint 

Cleaning and Preparation 

Fluxes 

Jigging 

Filler Metal 

Heating 

Design of Joint 

As the definition of brazing limits the 
term to processes where the filler metal 
is distributed by capillary attraction, it 
follows that joints must be fitted closely. 
There are three types of joints: lap, butt 
and scarf, and the joint members may be 
flat, round, tubular or of irregular cross 
sections. 

The lap or shear type of brazed joint 
gives the designer the opportunity for 
controlling the strength of the joint by 
varying the length of the lap. With tubu¬ 
lar members lap joints help in jigging 
and supporting the members, and by 
lengthening the lap a higher factor of 
safety against leakage or failure can be 
obtained. Lap joints in fiat strips or 
sheet metal allow inserts of the filler 
metal to be preplaced in the joint, and a 
light pressure during heating will assist 
in making a satisfactory bond. 

Carefully made joints on sheet copper, 
brass or copper-silicon alloy, with a 
length of lap equal to the thickness of 
the base metal, when subjected to tensile 
tests have proved as strong as or stronger 
than the base metal. The joints for 
these tests were made under ideal condi¬ 
tions, with a light pressure applied dur¬ 
ing heating. In actual practice a reason¬ 
able length of lap is three times the thick¬ 
ness of the metal being joined. However, 
the stresses to which the joint may be 


subjected should be analyzed and in many 
cases a greater lap will be justified. 

Clearance between the joint members is 
important, and experience has shown that 
0.001 to 0.003 in. gives the greatest 

strength with silver brazing alloys. When 
flat sheets are being joined, a light pres¬ 
sure can be applied to regulate the final 
clearance, and a sheet of filler metal 
from 0.003 to 0.010 in. thick will insure 
a good bond. 

When tubular members are joined, it 
is not possible to apply pressure, and the 
designer has to consider the coefficient of 
thermal expansion of the metals and 
method of heating. A clearance of a few 
thousandths will give the best results if 
the base metal parts have similar thermal 
properties and can be heated with a rea¬ 
sonable degree of uniformity. If the 
outer member is heated first, however, the 
expansion may make the clearance too 
large for best results. In that case a 
tight fit originally would be better. 

On the other hand, if the inner mem¬ 
ber is heated first, it may expand so much 
that the pressure against the outer mem¬ 
ber blocks the flow of the filler metal un¬ 
less sufficient added clearance has been 
provided. When the coefficient of expan¬ 
sion of one joint member varies consider¬ 
ably from the other’s the allowed clear¬ 
ances need even more careful attention. 
For example, if the metal with the higher 
coefficient of expansion is the outer 
member, then the initial clearance might 
even justify a drive fit with possibly a few 
thousandths interference. Conversely, if 
the inner member has the larger coeffi¬ 
cient of expansion then a greater clear¬ 
ance than normal should be provided. 

Diameters of parts to be joined also 
have to be considered, the larger the 
diameter the greater the allowable clear¬ 
ance. 

The usual tolerances allowed in machin¬ 
ing tubular parts cause some variation in 
the fits when pressing tubular parts to¬ 
gether. When steel parts are to be 
brazed with copper, the designer should 
provide for tight metal-to-metal fits if 
possible. Experience has shown that cop¬ 
per will penetrate a joint having a heavy 
press fit, but a light press fit will keep 
the parts in proper alignment for han¬ 
dling, and it will take less time for the 
copper to penetrate through the joint A 
maximum press fit of 0.001 in. per inch 
of diameter has been recommended for 
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copper brazing steel parts with a maxi¬ 
mum gap of 0.0005 inch. A uniform 
sleeve fit with tight metal-to-metal con¬ 
tact will give the best results. 

Butt joints can be made that will have 
high strength if care is taken in fitting the 
joint and a clearance of 0.001 to 0.003 in. 
is maintained at the finished braze. Butt 
joints are used where the double thickness 
of the lap or shear joint would be ob¬ 
jectionable. The edges or joint faces 
must be cut and fitted square and straight 
in order that uniform, close spacing can 
be maintained for the proper flowing of 
the filler metal by capillary attraction. 

Scarf joints are used where it is desir¬ 
able to increase the area of the bond but 
only the single thickness of the base metal 
would be suitable. Scarf joints can be 
made on round or flat rod, wire, sheet or 
tubular members. A common rule is to 
make the area of a scarf joint from two 
to three times that of the right angle area 
of the joint member. If the angle of the 
scarf joint is 30 deg., measured from the 
axis of the rod, wire or sheet to be 
joined, then the area will be two times, and 
if the angle is 19 Va deg., the area will 
be three times the right angle area. When 
tested in tension, a scarf joint will not 
have more strength than a butt joint in 
proportion to the increased joint area be¬ 
cause the joint is partly in shear. It does 
have the advantage of distributing cer¬ 
tain types of stresses over this large area 
where combined tension and bending 
stresses are involved. 

Figure 1 illustrates some common de¬ 
signs for brazed joints and the following 
comments are offered as a guide to de¬ 
signers. 

Figure l A is a typical V groove that is 
used when making butt joints with cop¬ 
per base alloys or welding rods. It is a 
poor design for brazing because the clear¬ 
ance between the joint members is too 
great for capillary attraction to be effec¬ 
tive. It is a proper joint for gas weld¬ 
ing using copper base or bronze welding 
rods which do not depend on capillary at¬ 
traction for distributing the filler metal. 

Figure IB shows the correct method of 
making a butt joint with brazing alloys. 
The edges should be square and straight. 

The lap joint shown in Fig. 1C is very 
satisfactory. This type of joint allows 
the use of preplaced inserts of the braz¬ 
ing alloy although feeding may be done 
from the outside after the joint has been 


brought to the proper temperature. When 
inserts are used, the members can be 
clamped together and pressure exerted by 
the clamps will assist in making a good 
bond. 

The scarf joint shown in Fig. ID also 
allows the use of preplaced inserts of the 
brazing alloy and this method is used in 
joining band saws and for those joints 
where the double thickness of the lap 
joint is undesirable and greater bonding 
area than can be obtained with a butt 
joint is necessary. Copper rods which are 
to be drawn into fine wire are joined in 
this manner. 
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Fig. 1.—Common Designs for Brazed Joints 


The tee joint shown in Fig. IF is not 
good because the joint only has a bonding 
area proportional to the thickness of the 
metal. Heavy fillets on each side will 
increase the strength but they are waste¬ 
ful of the alloy compared with the added 
strength obtained and are not recom¬ 
mended. It can be used, however, if for 
any reason it is not considered advisable 
to provide a flange on one of the members 

as shown in Fig. IF. . 

The joints shown in Figs. IF and G 
have the advantages common to all lap 
or shear joints and are recommended. 

The joint shown in Fig. IH is preferred 
to the one shown in Fig. 1/ for several 
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reasons. The lengthened hub on the 
flange makes heating easier and more 
effective because only a small portion of 
the fitting has to be heated and the depth 
of the shear can be controlled. The use 
of a preplaced insert in the groove shown 
in the fitting at a regulates the amount 
of brazing alloy used, and a proprietary 
method of making joints of this design 
has been adopted by several large manu¬ 
facturers of fittings. The brazing alloy 
can also be fed from the outside. 

Fig. 1/ shows a method of attaching 
spuds to tanks or any similar application. 
By preplacing a washer of the brazing 
alloy at a the members can be clamped 
together during heating. 

Fig. 1 L shows another application of 
the lap or shear type that is much super¬ 
ior to the joint shown in Fig. IK. 

When a lock seam joint is made, a 
thin insert of the brazing alloy can be 
preplaced between the members before the 
seam is locked. This method provides a 
very strong leak-tight joint. 

Modifications of these designs can be 
made, but in all cases it is important to 
provide clearances that do not exceed a 
few thousandths of an inch. In pipe 
joints, particularly in the larger diame¬ 
ters, clearances of 0.008 to 0.010 in. may 
be necessary because of the difficulty of 
maintaining pipe diameters to closer 
tolerances, but where better tolerances 
can be maintained a clearance of 0.002 to 
0.003 in. is preferable. 

Drive fits or interference fits in tubular 
members should be considered only when 
the method of heating and control of the 
thermal expansion will assure proper 
spacing for the filler metal to flow at the 
brazing temperature. The only excep¬ 
tion to this is when copper is used for 
brazing steel parts. 

More specific information on joint de- 
sign is given in Chapter 39. 

Cleaning and Preparation 

Too much emphasis cannot be placed 
upon the importance of having the sur¬ 
faces of the base metals thoroughly clean. 

1 he surfaces should be free from grease, 
oxides, scale and dirt of any kind. 

The two common methods of cleaning 
are chemical and mechanical. 

Grease or oil should be removed with 
one of the many reliable degreasing 
chemicals such as trichloroethylene, car¬ 


bon tetrachloride or trisodium phosphate, 
not by burning. 

Oxide or scale should be removed by a 
suitable chemical dip after degreasing. It 
is important to rinse and dry any parts 
after chemical cleaning because any resid¬ 
ual chemical may attack the surface and 
form an undesirable film. 

When mechanical cleaning is used, it 
is important to remove all grease or oil 
with a piece of clean waste or cloth, pref¬ 
erably wet with a solvent such as carbon 
tetrachloride. Any scale or oxide can 
then be removed with a fine emery 
cloth. Sand blasting may be used but 
care should be taken that fine particles 
are not embedded in the surface, and grit 
blasting is preferred. Grinding with a 
fine wheel will remove surface scale, but 
any grinding dust should be removed be¬ 
fore assembling the parts. Do not try to 
clean a greasy surface with emery cloth 
before removing the grease. Only a fine 
file should be used for removing scale as 
coarse file marks leave a poor surface for 
best results. 

Fluxes 

Fluxes are used to prevent oxidation of 
the filler metal and surfaces of the joint 
members, dissolve any oxides which may 
form during heating and promote the free 
flowing of the filler metal . They should 
be fluid and chemically active at the braz¬ 
ing temperature. 

After the joint members have been 
fitted and properly cleaned, an even coat¬ 
ing of flux should be brushed over the ad¬ 
jacent surfaces of the joint. Bare spots 
should be avoided because they will oxi¬ 
dize at low temperatures before the flux 
becomes fluid. 

When the proper flux is used, it is a 
good temperature indicator for torch 
brazing because the joint should be heated 
until the flux remains fluid if the torch 
flame is removed for an instant. 

Chemical Composition .—Common borax 
and mixtures of borax and boric acid 
have been used for many years as fluxes 
for brazing. Borax is fluid at 1400° F. 
and begins to thicken at temperatures be¬ 
low this point. The addition of boric acid 
to borax makes a more viscous flux ; also 
boric acid is not as active as borax in dis¬ 
solving oxides of metals. Boric acid is 
useful m protecting metal surfaces from 
oxidation because when heated it spreads 
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over the surface without bubbling like 
borax. The bubbling of borax when 
heated is caused by driving off the water 
of crystallization, and this can be avoided 
by using fused borax. Water must not 
be used to make a paste of fused borax 
as it will cake rapidly, but alcohol is 
suitable. 

With development and extensive use of 
silver brazing alloys melting between 
1175 to 1300° F., it became necessary to 
develop a flux which would be fluid and 
active at these temperatures. Borax can 
be used down to 1325° F. if extreme care 
is taken, but there is some chance of 
flux inclusions which will prevent tight 
joints and the activity of borax for dis¬ 
solving oxides is much reduced at these 
lower temperatures, Moreover, these 
silver brazing alloys are used on stainless 
steel and the flux has to be active in dis¬ 
solving chromic oxide. Fluxes contain¬ 
ing fluorides and alkali salts, preferably 
potassium, have been developed which are 
fluid and active at 1100° F. They are 
used extensively with silver brazing al¬ 
loys and are excellent for stainless steels. 

Special fluxes are needed when brazing 
high aluminum bronzes or those bronzes 
to steel. The addition of one or more 
chlorides of sodium, potassium, zinc or 
lithium to the fluoride type of flux will 
produce such a satisfactory flux. 

Form and Method of Using .—Flux is 
available in the following forms : 

(a) Powder 

(b) Paste or solution 

( c ) Vapor gas 

(d) Coating on welding rod 

Dry flux can be sprinkled along the 
joint, but, if a torch is used for heating, 
it is advisable to warm the joint before 
applying the flux and this preliminary 
heating should be enough so that the flux 
will adhere and not be blown away by the 
torch flame. When filings of powdered 
or granulated brazing alloy are used, the 
flux can be mixed with them before ap¬ 
plying along the joint. 

A thin paste is a very satisfactory form 
because the flux can be brushed over the 
surface and an even coating applied. In 
brushing the flux, care should be taken to 
go back and forth over the surface to 
make sure that there are no bare spots. 

When using borax as a flux a hot 
saturated solution brushed along the joint 
will leave a heavy coating of flux because 


of the comparatively large amount of 
borax which can be dissolved in boiling 
water. Better results are obtained if this 
hot saturated solution is brushed on the 
joint than when the pieces are dipped into 
the solution. Experience has shown that 
the application of an even coating of flux 
on all of the surfaces to be joined is very 
important, and even clean pieces of metal 
will usually show bare spots if they are 
merely dipped into the solution. The 
filler metal should also be protected with 
a coating of flux. 

Vapor or gas flux is usually applied to 
the base metal and filler metal through 
the medium of the oxy-acetylene flame. 
The acetylene or other fuel gas used is 
passed through a flux solution and picks 
up a small quantity that is burned in the 
flame, thus being deposited wherever the 
torch is directed. It should never be in¬ 
troduced through the oxygen hose. A 
fluxing constituent soluble in alcohol or 
methyl borate is sometimes used. 

Flux-coated, high zinc bronze welding 
rods are commercially available and arc 
convenient to use. However, it is desir¬ 
able to flux the base metal with powdered 
or liquid flux as well because the surfaces 
may become oxidized in the heating 
stage. If there is considerable depth to 
the oxidation, the melted bronze from the 
flux-coated rod will flow onto some part 
of this area before the flux from the coat¬ 
ing has had an opportunity to dissolve the 
oxides and a poor bond will result. The 
flux coating does, however, protect the 
filler metal and eliminates dipping the hot 
rod into flux. 

Prepared fluxes are commercially avail¬ 
able in the form of powder, paste and 
solution. One should keep in mind that 
one of the advantages of brazing alloys 
is their low melting points and when us¬ 
ing them a flux should be selected that is 
fluid and active at the melting point of 
the alloy. This is particularly important 
in making gas-tight joints where flux in¬ 
clusions might cause leakage. 

Fluidity alone, however, is not suffi¬ 
cient, and the flux must be chemically ac¬ 
tive at the brazing temperature in order 
to insure that all oxide films are removed. 

Jigging 

Suitable clamps and supports should be 
provided to hold the parts securely in 
position during heating. The design and 
size of the clamps or supports will de- 
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pend upon the size and shape of the parts 
and the type of joint. 

When thin inserts of brazing alloys are 
used, pressure is needed to insure that 
surfaces of the parts are brought together 
when the alloy is liquid. 

The design of the jig or support will 
also depend upon the method of heating. 
When the whole assembly is to be placed 
in a furnace, consideration must be taken 
of the fact that the clamps and supports 
will be heated to the brazing tempera¬ 
ture and will expand accordingly. Con¬ 
traction and expansion with the accom¬ 
panying distortion and warping must be 
controlled. 

Spot welding at points along the joint 
is a satisfactory method of holding thin 
sheets and small stamped parts together. 
Consideration must be given, however, to 
the fact that these welds will interfere 
with the capillary action in the flowing 
of the brazing alloy if the weld com¬ 
pletely closes the cross section of the 
joint and the brazing alloy must be ap¬ 
plied on both sides of the welds. 

If the heating is done by a torch, care 
must be taken to support the parts so that 
the operator can apply the flame easily 
to all parts of the joints; otherwise the 
parts of the joints which come in direct 
contact with the flame may be overheated. 

It is also important that the parts are 
held firmly in place until the brazing alloy 
is set. The assembled parts should not be 
moved in any way that would throw any 
strain on the joint until the brazing alloy 
has solidified completely. 

Filler Metal 

As brazing processes are used at a wide 
range in temperatures for joining metals 
and alloys, there are a number of differ¬ 
ent filler metals available. 

These filler metals are used in the form 
of wire, sheet, filings and ground or 
crushed grains. Most of these brazing 
alloys are malleable and ductile which 
allows them to be drawn into thin wire 
or rolled into sheet of the most economi¬ 
cal size for convenient use. Special forms 
such as rings and washers are preplaced 
in joints. 

The compositions include pure copper 
which is used on steel, copper-zinc alloys 
with small additions of other metals, and 
the silver brazing alloys which contain 
silver with varying percentages of copper, 


zinc, cadmium, tin, nickel and manganese. 

The two important factors in selecting 
a filler metal are: it must be molten and 
free flowing at a temperature below the 
melting point of the members being 
joined; and, second, it must form a strong 
bond with those members. Alloys con¬ 
taining phosphorus, for example, should 
not be used with steel because of the 
formation of a brittle phosphide of iron. 
Similarly, excessive amounts of tin or 
zinc may be harmful. More complete in¬ 
formation on filler metals is given in 
Chapter 38. 

EQUIPMENT USED 

Torch Brazing 

Heating and Equipment .— Four different 
types of torches are commonly used for 
brazing depending on the gas mixtures: 
air-gas, air-acetylene, oxy-acetylene and 
oxy-other fuel gas. 

Air-gas torches give the least heat and 
when used on heavy parts there is a tend¬ 
ency to use an oxidizing flame in order to 
hasten the heating. The air-acetylene 
torch uses acetylene under pressure with 
air at atmospheric pressure, and suitable 
torches are available for use with brazing 
alloys. Both air-gas and air-acetylene 
torches can often he used to advantage on 
small parts and thin sections. Torches 
using oxygen with city gas, natural gas 
or any of the bottled gases such as butane 
or propane give a much hotter flame and 
when properly designed give excellent re¬ 
sults with brazing alloys. They should 
be of sufficient size to allow the use of a 
neutral or a slightly reducing flame. 

Oxy-acetylene torches give a wide 
range of heat control and high tempera¬ 
tures arc possible with a reducing flame. 
These torches have been developed to a 
high degree of perfection and, properly 
used, offer the most flexible and quickest 
method of heating. Their use is so uni¬ 
versal that full information and instruc¬ 
tions are readily available. 

Specially designed torches having mul¬ 
tiple tips can be used to advantage to in¬ 
crease the rate of heat input. Care should 
be taken, however, to provide sufficient 
tips to prevent localized overheating in 
spots before the entire joint is at proper 
temperature. 

When the brazing alloy is to be fed 
from the outside, the joint should be 
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heated with the torch to a temperature 
above the melting point of the brazing 
alloy before the alloy is fed into the joint. 
In order to obtain full advantage of the 
low melting temperatures of brazing al¬ 
loys, it is of course most desirable not to 
heat the joint beyond the temperature re¬ 
quired for the free flowing and bonding 
of the brazing alloy. If it is overheated, 
a great deal of the benefit of the low 
temperatures at which these alloys melt 
will be lost. The appearance of the flux 
and color of the parts are important 
^guides in determining the proper heating 
of the joint. However, varying light 
conditions may create some difficulties. 

Another way to obtain some guidance 
as to the temperature is by touching the 
brazing alloy wire or strip to the joint 
as heating progresses. As soon as the 
temperature is high enough so that the 
alloy melts, the wire or strip is brought 
under the torch flame momentarily. This 
technique is suggested in order that an 
attempt to make the joint itself a solder¬ 
ing iron will not cause overheating. It is 
most important that the common expres¬ 
sion let the heat in the joint flow the 
brazing alloy is not misinterpreted. At 
the same time the joint should be at a 
temperature above the melting point of 
the brazing alloy, and this procedure 
would be somewhat equivalent to feeding 
molten metal into the joint. Of course, 
it is not desirable to play the torch flame 
for any considerable period of time on the 
brazing alloy. 

The preheating required will depend 
upon the size and heat conductivity of the 
metals and type of joint, but there should 
be sufficient heat in the joint for the braz¬ 
ing alloy to flow freely or it will ball up 
and poor joints will occur. Poor work 
will often result when the brazing alloy 
is made to flow by applying more heat. 
The balling up tends to pile the brazing 
alloy above the film of protective flux, 
and added heat only tends to oxidize the 
exposed brazing alloy. Furthermore, the 
higher temperature may cause rapid dif¬ 
fusion of the brazing alloy into the joint 
members where the alloy has bonded. In 
the case of thin sections this may be car¬ 
ried to such an extent that holes are ob¬ 
tained in the joint. 

What actually happens is that the dif¬ 
fusion of the alloy into the members 
leaves open spaces which have to be filled 


with more alloy. The correct way to re¬ 
pair a joint in which the brazing alloy has 
balled up is to allow it to cool sufficiently 
so that flux can be reapplied and then the 
reheating can be done carefully and the 
alloy properly flowed into the joint. 

A modification of torch brazing con¬ 
sists of using several fixed burners sup¬ 
plied from a common manifold. Natural 
and manufactured gases or acetylene with 
air or oxygen may be used. The burners 
are arranged in such a manner as to heat 
the assembled parts uniformly as they are 
passed between the burners. Continuous 
conveyor belts may be used for timing the 
operation by the belt speed or the as¬ 
sembly may be pushed into the heating 
zone and removed at a fixed interval of 
time. It is sometimes desirable to rotate 
the assembly as it passes through the 
heating zone. The method selected for 
handling the assemblies will depend upon 
the size and shape of the parts but this 
modified torch heating allows for high¬ 
speed production when a large number of 
units are to be brazed. As a rule the 
brazing alloy is preplaced and all joints 
well protected with flux. These fixed 
burners or torch arrangements are com¬ 
paratively inexpensive to install and if 
the volume of work is large the automatic 
handling of the parts insures uniform re¬ 
sults and low operating costs. 

Furnace Brazing 

Furnace brazing is used extensively 
when the parts to be brazed can be as¬ 
sembled with the brazing metal applied 
near or in the joint and metal jigs pro¬ 
vided to keep the parts in proper position 
during heating and cooling. It is particu¬ 
larly applicable to brazing a large num¬ 
ber of units. 

Equipment .—Equipment for furnace 
brazing consists of a furnace with heating 
and cooling chambers, automatic tempera¬ 
ture control and auxiliary equipment for 
maintaining a reducing or protective at¬ 
mosphere in the furnace. Electrically 
heated furnaces are excellent, but gas or 
oil can be used for heating. 

Three types of furnaces in common 
use are: The box, mesh belt conveyor 
and roller hearth conveyor. General 
characteristics of the three types are as 
follows: 

A box-type furnace usually is designed 
with a heating and cooling chamber with 
a sliding door between the two chambers 
and doors at either one or both of the 
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outer ends. The work is assembled on 
trays and moved through in batches. It 
is a simple and relatively inexpensive type 
of furnace and can be used for a wide 
variety of assemblies. Small box-type 
furnaces do not require any mechanism 
for moving the trays but larger furnaces 
are equipped with chain drives for mov¬ 
ing the trays from one chamber to an¬ 
other and automatic devices for raising 
and lowering the doors which divide the 
chambers. 

Mesh belt-conveyor furnaces have heat¬ 
ing and cooling chambers through which 
a mesh belt conveyor made of one of the 
heat-resistant alloys continually passes at 
a speed regulated by a variable driving 
mechanism. Assemblies may be placed 
directly on the belt which is supported by 
proper heat-resisting alloy rails or hearth 
plates. This type is suited particularly 
to small, light work in large quantities. 
The adjustable speed of the belt controls 
heating to the proper temperature for 
good brazing. 

Roller hearth furnaces are more expen¬ 
sive and differ only in type of conveyor 
or carriers. As the name signifies, the 
hearths of these furnaces consist of a 
series of driven rolls which are closely 
spaced and extend crosswise through the 
furnace walls to bearings outside. 
Sprockets are attached to each roll and 
they are driven by endless chains. The 
assemblies to be brazed are supported on 
cast-alloy rails or trays which are placed 
on the roll table. Sometimes the assem¬ 
blies are placed directly on the roll table. 
Speed is regulated by chain speed, and 
furnaces of this type can be designed for 
brazing light or heavy assemblies. This 
type is used in large-scale production 
work. The maintenance costs are reason¬ 
ably low, and automatic charging and dis¬ 
charging mechanisms can often be used to 
reduce operating costs. 

Furnace Atmosphere. —Hydrogen or 
dissociated ammonia which is 75% hydro¬ 
gen and 25% nitrogen make excellent at¬ 
mospheres. However, a great deal of 
furnace brazing is done in atmospheres 
produced by the partial combustion of 
natural gas, coke oven gas, butane, or 
propane. A typical mixture would con¬ 
tain approximately 16% hydrogen, 11% 
carbon monoxide, 5% carbon dioxide, 
2% methane and nitrogen. This mixture 
is reducing to iron and copper at copper 
brazing temperatures. 


Atmosphere converters for partially 
burning hydrocarbon gases to produce 
suitable protective atmospheres are avail¬ 
able as standard equipment from furnace 
builders. Accessories are available for 
treating the gases as they leave the com¬ 
bustion unit in order to remove moisture, 
sulfur or carbon dioxide, and the complete 
units can be designed to produce a wide 
variety of different atmospheres to meet 
any specific condition. 

Controlling Factors on Making and 
Supporting Assemblies. —Careful attention 
to design of joint, cleaning and fluxing 
must be given, and the assemblies jigged 
so that as they pass through the furnace, 
the proper relationship of the parts will 
be maintained to insure that capillary at¬ 
traction will be effective. The force of 
gravity must also be considered when pro¬ 
viding means for holding the parts to¬ 
gether within the furnace and directing 
the flow of the brazing alloy. The braz¬ 
ing alloy will creep horizontally or verti¬ 
cally in all properly fitted joints but tends 
to flow downward more freely and will 
collect in low spots if used in excessive 
amount. 

It is extremely desirable to fit the 
parts together in such a way as to make 
them self-supporting as far as possible 
and thus avoid heating auxiliary fixtures. 
W hen such fixtures are required they 
should be made of heat-resisting wire, 
strip or castings. Tubular members often 
can be assembled so that they are largely 
self-supporting. 

Selecting and Applying the Brazing 
Alloy (Filler Metal).— One of the funda¬ 
mentals of furnace brazing is the neces¬ 
sity of preplacing the filler metal which 
can be in wire, foil, filings, slugs, molten 
spray, powder, paste and other forms. 

Practically all ferrous and nonferroiis 

metals and combinations of unlike metals 

can be furnace brazed by using a filler 

metal which melts at a temperature below 

the metals being joined, wets the joint 

surfaces and is preplaced so that it will 

flow by capillary attraction throughout 
the joint. 

With silver brazing alloys which melt 
at temperatures below 1200° F. as a low 
limit and copper at 1981° F. as an upper 
limit there is a wide range of filler metals 
that can be selected for furnace brazing. 
The final choice of filler metal and form 
will depend upon the metals being joined, 
size and shape of the assembly, quantity 
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of filler metal required and cost. Wire 
and foil are the most widely used forms 
for preplacing filler metal. Rings and 
washers are extensively used. 

One of the widest applications of fur¬ 
nace brazing is for joining steel assem¬ 
blies for which copper is used as the filler 
metal. The furnace temperature required 
is about 2050° F. for satisfactory copper 
brazing, which is too high for brazing 
nonferrous metals. If hydrogen or dis¬ 
sociated ammonia is used for a furnace 
atmosphere and the furnace is designed 
to prevent the infiltration of oxygen, it 
is possible to make strong clean joints at 
this temperature without requiring flux to 
help the alloy flow on low-carbon sheets. 
At lower temperatures, such as are re¬ 
quired for nonferrous metals, the furnace 
atmospheres are not as active in protect¬ 
ing the joint surfaces from oxidation or 
reducing any existing oxides, and it is 
more difficult to get a satisfactory bond 
without using a flux. However, the flux 
as a rule need be used only sparingly and 
the parts do not become oxidized or scaled 
to any great extent. 

When low-temperature filler metals 
such as silver brazing alloys are used, it 
is desirable to operate the furnace at a 
temperature considerably above that re¬ 
quired for brazing. This higher tem¬ 
perature shortens the time in the furnace 
and is applicable to small parts of uniform 
mass and cross section which heat evenly. 

If proper control of the time in the heat¬ 
ing chamber is provided, it is possible to 
use furnace temperatures as high as 
1800° F. although the assemblies being 
brazed do not reach temperatures above 
1300° F. 

Induction Brazing 

The use of induction heating for braz¬ 
ing has increased greatly in recent years. 

In contrast to electric resistance heating, 
the material being heated is placed in or 
near the coil carrying the electric cur¬ 
rent and is therefore not a part of a closed 
electric circuit. (See also Chapter 20- 
Induction Welding.) 

T. he heating is due to the eddy current 
losses from the electrical resistance of 
the material and the hysteresis losses, 
both of which are dissipated in the form 
of heat. Induction heating is used on 
both magnetic and non-magnetic metals, 
the latter being heated by the eddy cur¬ 
rent losses only. 


Equipment .—There are three common 
sources of high-frequency electric cur¬ 
rent for induction brazing: motor gener¬ 
ator, resonant spark gap and vacuum 
tube oscillator. 

Motor generator sets with frequency 
ranges from 1000 to 12,000 cycles per 
second are manufactured in capacities 
from 50 to 1000 kw. Spark gap con¬ 
verters with frequencies from 15,000 to 
60,000 cycles and 3 to 40 kw. capacity 
are available and special quenched spark- 
type converters with frequencies from 
100,000 to 300,000 cycles can be obtained 
in low power ratings to about 30 kw. 

Electronic tube converters have a fre¬ 
quency range from 100,000 cycles to mil¬ 
lions of cycles and power ratings up to 
100 kw. and higher per tube. 

The selection of the best source of 
power depends upon several factors, but 
if the lower ratings up to 40 kw. are 
satisfactory, the choice will be either the 
spark gap or tube oscillator. When the 
volume of work is large, the motor gener¬ 
ator set may show economies in operat¬ 
ing costs. 

The following basic relation exists in 
induction heating: The depth of heating 
varies inversely with the square root of 
the frequency. Expressed in simple 
terms, the lower the frequency the greater 
the depth of penetration of the heating 
effect. With lower frequencies, heavier 
induction coils are necessary to produce 
a given heating effect because of the 
much higher currents required. The 
higher frequencies of the spark gap and 
oscillator types of equipment facilitate 
the induction of heat in restricted places 
and parts of irregular shape. 

Induction Coils .—The design of the in¬ 
duction coils must provide for the pro¬ 
duction of a magnetic field in the area of 
the joint which is to be brazed. Copper 
tubing, which permits the circulation of 
cooling water, is a common material for 
these coils. Single- or multiple-turn coils 
are used and the number is determined by 
the size of the magnetic field required 
for properly heating the joint. Field 
strength depends upon the current in a 
single turn and by use of a multiple turn 
coil the field is amplified proportionally 
to the number of turns. 

The ideal condition for the strongest 
and tightest brazed joints would be for 
the surfaces of each member to reach the 
brazing temperature at the same time. 
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Assuming that the heating can be con¬ 
trolled and the surfaces which the brazing 
alloy is to join are clean and are held to 
proper spacing, the alloy will flow freely 
by capillary attraction. The coils, there¬ 
fore, should be designed so that the heat¬ 
ing will be as uniform as possible. Be¬ 
cause of the confined character of induc¬ 
tion heating, it is particularly important 
that the coils be designed and located so 
that the outer surfaces of joint members 
are not overheated before the joint is at 
brazing temperature. 

Another condition to avoid is the heat¬ 
ing of one joint member to the brazing 
temperature causing the alloy to flow be¬ 
fore the adjacent surface of the other 
member has been brought to proper tem¬ 
perature. This will result in a poor bond 
and does happen frequently in brazing 
tubular members unless the coils are 
properly located. 

It is possible to provide a tight fit with 
tubular members and design the induction 
coil so that the induced heat is in the 
outer member and the inner member is 
heated by conduction. This simplifies coil 
design, but extreme care must be taken to 
insure that the fit is tight enough so that 
the surface of the inner member is 
brought above the flow point of the braz¬ 
ing alloy. 

Rigid, solid conductors are also used. 

1 hey are cooled by providing water chan¬ 
nels or tubing around the outside of the 
block which is usually made of heavy cop¬ 
per plate. Holes are drilled in the plate 
of correct diameter for introduction of 
members to be brazed. Two or more 
positions can be provided for simultan¬ 
eously brazing a multiple number of 
assemblies. 

Coils can also be designed for continu¬ 
ous heating. Single or multiple-induction 
coils can be arranged to create a magnetic 
field of suitable size to braze the as¬ 
sembled parts as they are conveyed 
through the field. Likewise, a long tube 
* s brazed by moving it through or past a 
coil at a speed which allows the tube and 
brazing alloy to be brought up to the 
brazing temperature. 

Induction brazing is particularly suc¬ 
cess! ul when the low-temperature silver 
alloys are used because the rapid heating 
inherent in the process and the low tem¬ 
perature to which the joint must be 
heated combine to produce strong joints 
*ith a minimum of annealing or oxida¬ 


tion of the material being joined. An¬ 
other factor which makes for speed and 
economy is the limited or confined appli¬ 
cation of the heat to the joint area. 

Induction brazing is not necessarily 
confined to silver brazing alloys and can 
be used with brass filler metal and reports 
have been made of successful copper braz¬ 
ing by induction heating, using a protec¬ 
tive coating of borax as a flux. 

Preplacement of the filler metal is 
standard practice in induction brazing. 
Careful attention to proper jigging for 
holding the parts together is necessary 
and also for maintaining them in correct 
position in reference to the induction coil. 

Figure 2 shows a number of the com¬ 
mon forms of coils and plates. 

Resistance Brazing 

Resistance brazing has been a standard¬ 
ized process for nearly twenty years. The 
equipment, methods of application, and 
economics have been well determined. 

The tools required are relatively simple 
and their proper use is easily acquired by 
intelligent operators. The efficiency is 
high because the generated heat can be 
localized to a definite area or section 
with the least loss in radiation or con¬ 
duction. 

The principle involved is to supply heat 
to the work by means of hot or incan¬ 
descent electrodes. Current flow through 
the electrodes produces the heat propor¬ 
tionally to the product of the square of 
the current and the resistance. The re¬ 
sistance of the work is rarely considered. 

The simplest and most commonly used 
arrangement is where the electrodes are 
in contact with opposite sides of the joint 
to be heated. That is, the work is as¬ 
sembled between the electrodes and be¬ 
comes a part of the circuit. Variations 
of this arrangement are sometimes used 
where a pair of electrodes is assembled 
against one side of the work. The cur¬ 
rent will then flow from electrode to 
electrode through the work, or where a 
single electrode is made to contact, it 
is heated independently of the work. 

hquxpmcnt .— i he essential elements 
consist of a means of pressing and clamp¬ 
ing the electrodes to the work and a 
source of current. 

The electrodes may be attached to the 
anvils of press-type machines as com¬ 
monly used for stationary equipment or 
by clamps or tongs on portable equipment 
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Presses usually are designed to have 
water-cooled anvils with one anvil mov¬ 
able and means to vary the pressure ap¬ 
plied to the work. 

Sizes of presses may vary from the 
smallest where practically pin-point elec¬ 
trodes are used and where the current is 
measured in a few amperes, to large units 
using electrodes of 36 sq. in. of contact¬ 
ing area with current requirements up to 
30,000 amp. and above in rare cases. 

Tongs are clamps, which commonly 
consist of two arms, at the ends of which 
electrodes are attached, a fulcrum, and a 
screw, lever or spring designed to bring 
the electrodes together under pressure. 
The arm members are conductors and are 
electrically insulated from each other with 
terminals for the attachment of the cur¬ 
rent-carrying leads. 

To meet the conditions imposed by the 
many types of joints and the positions in 
which they may be required to be brazed, 
tongs are made in a variety of sizes and 
forms. In general, however, they follow 
the principle of bringing electrodes in 
contact with the work under pressure. 

Water-Cooled Tongs .—Tongs designed 
to be cooled by water are coming more 
and more into use. The greater initial 
cost of water-cooled equipment is more 
than offset by the several advantages. 

Size and weight are reduced by at least 
50%, and the reduction in cost of upkeep 
is 75% for large tongs. There is also a 
marked increase in productive capacity. 
The tong-conducting bars may be chan¬ 
neled for water passages or have water- 
conducting tubes formed to the bars and 
brazed in place. 

Self-contained portable units consisting 
or transformer, motor, pump and radiator 
all mounted on a truck to which are at¬ 
tached the water-cooled leads, and tongs 
are used to great advantage. For this 
type of unit the transformer is usually de¬ 
signed to have a water-cooled secondary 
coil thereby making possible increased 
output without increase in weight or size. 

Source of Current .—It is customary to 
use a.c. transformers. Direct current can 
be used for heating the electrodes but 
only with comparatively great expense 
when the heavy current requirements are 
considered. 

1 ransformers are designed to match 
tong and press requirements. For press- 
work the physical dimensions are not too 
important as the transformer is usually 


made a part of the complete brazing unit. 
Where the current requirements are high 
or where the heating cycle is long the 
transformers should be cooled by water 
or air blast. On small presses, where the 
current requirements are usually in hun¬ 
dreds of amperes only, ordinary radiation 
is sufficient, provided the transformer has 
ample capacity. The following trans¬ 
formers have proved satisfactory by per¬ 
formance : 

Small Press: 5 kva.—Voltage at sec¬ 
ondary terminals = 4 to 6. Maxi¬ 
mum contact area of electrodes = 1 
sq. in. 

Medium Press: 50 kva.—Voltage at 
secondary terminals = 5 to 7. Maxi¬ 
mum contact area of electrodes = 10 
sq. in. 

Large Press: 100 kva.—Voltage at sec¬ 
ondary terminals = 4 to 8. Maxi¬ 
mum contacting area of electrodes r= 
36 sq. in. 

(See Electrodes for current factors.) 
Voltage changes on the smaller sized 
transformers are usually obtained through 
tapped primary windings while on the 
larger sizes the most efficient means is by 
an induction regulator. Special low volt¬ 
age and corresponding high-current trans¬ 
formers must be used for special elec¬ 
trodes of material other than carbon. 

Controls are always located in the pri¬ 
mary circuit of the transformer and 
usually operated by foot switch. With a 
5-kva. transformer it is the practice to 
control the secondary current directly by 
a foot switch of substantial design. On 
larger transformers the foot switch actu¬ 
ates a contactor which in turn controls 
the primary circuit. 

hlectrodcs .—Carbon and graphite are 
the most commonly used electrode materi¬ 
als due to their high electrical resistance, 
bor certain specific applications elec¬ 
trodes made from machinery steel, man¬ 
ganese steel, carboloy, molybdenum or 
tungsten are used but with voltages re¬ 
duced to about one-third those used for 
carbon. Metal electrodes have the advan¬ 
tage of holding definite contour dimen¬ 
sions. 

Experience has proved that three types 
of carbon electrodes meet brazing prob¬ 
lems in general. For simplicity’s sake 

they have been designated soft , hard and 
extra hard. 

Soft electrodes have an electrical re¬ 
sistance of 0.0007 ohm-inch. They re- 
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duced surface burning or overheating to 
a minimum. They are used commonly 
in stationary brazing units where the 
high current requirements are not dis¬ 
advantageous. Current densities up to 
1500 amp. per sq. in. of contacting surface 
are commonly used. Soft electrodes are 
rarely used with portable equipment. The 
maximum thickness of electrodes used 
with press-type equipment is VU in. giv¬ 
ing a total resistance path of 2 1 / 2 inches. 

Hard electrodes have an electrical re- 
sistane of 0.0012 ohm-inch and are 
used with portable equipment. Brazing 
temperature can be reached with ap¬ 
proximately 30% less current than re¬ 
quired for soft type electrodes. Current 
densities up to 1200 amp. per sq. in. of 
contacting surface are used. The maxi¬ 
mum thickness of electrodes used with 
tongs is 3 /i in. making a total resistance 
path of P /2 inches. As the surface resist¬ 
ance of hard electrodes is high, care is 
necessary to prevent hot spots in the 
work. 

Extra hard electrodes have an electrical 
resistance of 0.0018 ohm-inch. Their 
advantage over the soft and hard types 
is that brazing temperatures are ob¬ 
tained with approximately 50% of the 
current required for the soft type and 
70% of the current required for the hard 
type. Current densities up to 800 amp. 
per sq. in. of contacting surface are com¬ 
monly used. These electrodes are used 
in tongs only and only by skilled oper¬ 
ators. This type electrode is not used in 
small tongs but does permit the brazing 
of the largest joints made by portable 
equipment. The maximum size of elec¬ 
trodes used in practice is 2 in. by 3 in. by 
3 1* inch. This type is much more brittle 
than either of the two other types. 

Any type of carbon deteriorates from 
repeated heatings. The surfaces slough 
oft as indicated by the carbon dust 
formed. This can be prevented to some 
degree by applying borax to the surfaces 
not used for contacting when the electrode 
is heated to a bright red heat. 

Inserts of filler metal are used in most 
applications of resistance brazing. Lap 
joints are preferred and the pressure of 
the electrodes with both tongs and presses 
determines the final clearance in most 
cases. 

When the filler metal is not preplaced, 
it is flowed around the joint boundaries. 
For example, for cables, conductor groups 


and laminations, the brazing alloy is in¬ 
troduced at the open ends where it readily 
fills the joint sections. In any type of 
joint the pressure must be retained until 
the alloy solidifies. 

The same general rules apply for clean¬ 
ing, preparation of joint and fluxing as 
for other processes. 

Dip Brazing 

Dip brazing can be performed using a 
chemical bath or a bath of the molten 
alloy. 

Chemical Dip Furnaces .—A chemical 
dip furnace consists of a suitable metal or 
ceramic container in which a salt or 
chemical mixture can be kept in a molten 
state and suitable means are available for 
heating the bath. The work to be brazed 
is immersed in the bath which is main¬ 
tained at the proper temperature for flow¬ 
ing the filler metal selected for any job. 

The bath can be heated by several dif¬ 
ferent methods : 

1. From the outside through the re¬ 

taining tank wall. 

2. By electrical resistance units placed 

in the bath. 

3. By the I 2 R loss in the bath itself. 

The development of satisfactory fur¬ 
naces based upon the third method have 
to a large extent eliminated the other 
methods of heating salt baths for chemi¬ 
cal dip brazing. Two types are in general 
use: 

Type 1 .—The current passes through 
the salt mass from the electrodes placed 
several inches apart but on one side of the 
tank. A much shorter current path re¬ 
sults, and the work is always outside the 
main current flow. The amount of work 
does not alter the effective resistance of 
the bath. Heat transfer through the bath 
depends on thermal circulation; the fluid 
salt flows upward between the electrodes 
and spreads through the mass to the bot¬ 
tom. Certain baths of this type depend to 
some extent on the current flow from the 
electrodes to the tank wall. 

Type 2 .—The current passes through 
the salt mass from electrodes placed on 
one side of the tank but spaced not more 
than lVa in. apart. The current path is 
shorter than in a Type 1 furnace. The 
heat is distributed in the bath wholly by 
the pinch effect of the molten salts be¬ 
tween the electrodes. This effect is very 
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marked and produces an active bath. 
This is the most efficient type of salt bath 
furnace so far developed. The distribu¬ 
tion of heat through the bath is very uni¬ 
form. The temperature drop of a bath 
during brazing is negligible. 

Heating and Control Equipment. —Cur¬ 
rent is supplied to the electrodes by a 
heavy current transformer. The voltage 
at the electrodes varies according to re¬ 
quirements, from 8 to 15 volts. The 
capacity of the transformer depends on 
the size and shape of the bath and varies 
from 20 to 100 kva. or more. 

The control consists of a thermocouple 
in the bath and adjustable control relays 
and contactor. Time clocks are often 
used. The control is set to hold the bath 
to a certain required temperature which 
depends on the material and joint design. 

Salts Used .—The salts used for the 
hath are selected with respect to the kind 
of work to be heated. In selecting a salt 
or salt combination, a few factors have 
to be considered. These factors have to 
do with corrosion, minimum fluid tem¬ 
perature, maximum fluid temperature, 
vapor point of bath, amount of salt ad¬ 
hering to the work and removal of salt 
from work. 

Chemical dip brazing has been increas¬ 
ingly used in recent years and is an effec¬ 
tive medium for accurate temperature 
control when using brazing alloys. The 
correct application of this method of heat¬ 
ing requires careful study for any particu¬ 
lar class of work. It has been particu¬ 
larly successful where the brazing alloy 
can be preplaced in the joint so as not to 
be directly exposed to the salt bath. When 
it is impossible to place the inserts in the 
joint and they are placed in the form 
of rings, for example, on the outside, 
dipping may be arranged in such a way 
that the parts to be joined will be brought 
up to (he brazing temperature during 
the immersion and the brazing alloy will 
then be immersed in the salt bath at 
practically the same moment that the 
parts themselves reach the proper tem¬ 
perature. The technique of use of the 
salt bath is very important in order to 
obtain the best results. 

Molten Metal Dip Brazing 

Brazing can be done by dipping the 
parts into a bath of molten brazing alloy 
I his method is largely confined to join¬ 
ing small parts such as wires or narrow 


strips of metal. The parts should be 
clean and well protected with flux. The 
size of the bath has to be such that there 
is no appreciable drop in temperature of 
the bath when the work is immersed. 
The ends of the wires or parts to be 
joined must be held firmly together when 
they are taken from the bath and until 
the alloy has thoroughly solidified. 

Twin-Carbon Arc Brazing 

This process is not used extensively but 
provides a method of extremely rapid 
heating. 

The equipment consists of a holder con¬ 
structed so that two graphite or carbon 
electrodes can be held at an angle and 
spaced to give a flaming arc. The in¬ 
tense heat of this arc requires careful 
manipulation of the flame in order to pre¬ 
vent overheating when used for brazing 
purposes. 

All the factors for successful brazing 
with a gas torch are necessary for this 
method. 

Flow Brazing 

Flow brazing is a process in which 
molten filler metal is poured into the 
joints between the parts to be joined. It 
is similar in principle to the dip brazing 
process with a metal bath. The heating 
IS done with a type of furnace designed 
for each particular job such as the braz¬ 
ing of bicycle frames, for example. The 
process is not used to any extent at the 
present time. 

COMMON APPLICATIONS 

T here has been a large increase in the 
industrial use of brazing processes, and 
the selection of the best process for any 
particular industrial application depends 
upon such factors as size, number and 
shape of parts to be joined. 

T orch brazing is used in practically all 
fields for either production or mainte¬ 
nance and for joining ferrous and non- 
ferrous metals. It is a flexible and eco¬ 
nomical process for the production of 
copper tanks and steel cylinders for the 
storage of propane. The refrigeration 
and automotive industries are large users 

ut * t J >rcJl fjraz >ng in making assemblies of 
steel, brass and copper parts. The proc¬ 
ess is also used in the manufacture of 
bicycles, lawn mowers, steel furniture and 
or the installation of brass, copper and 
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iron piping. Silver brazing alloys and 
copper phosphorous brazing alloys are 
used in the electrical industry for joining 
copper parts, and the silver alloys for 
joining dissimilar metals by this process. 

Furnace brazing is increasing in use for 
mass production of relatively small as¬ 
semblies in a continuous fabrication setup. 
Automotive parts, heat exchangers and 
steel propeller assemblies are being fab¬ 


ricated by this method. The Crosley 
motor is fabricated in one operation by 
furnace brazing the numerous parts which 
have been assembled into one compact 
unit with copper inserts at all of the 
joints. Silver alloys and copper phos¬ 
phorous alloys are first choice of filler 
materials required because of the low 
temperatures at which they melt. How¬ 
ever, substantial quantities of copper strip 


Table 1.—Summary of Typical Brazing Applications 


Brazing 

Process 

Torch 

brazing 


Filler Material 


Composition 


Brass brazing alloy 60% Cu, 40% Zn 


Furnace 

brazing 


Induction 

brazing 


Resistance 

brazing 


razing 


Flow 

brazing 

Twin- 

carbon 

arc 

brazing 


Naval brass 
Manganese bronze 


Low fuming bronze 


Nickel silver 
Copper silicon 


Phosphor bronze 
(low tin) 

Silver alloys 

(no phosphorus) 

Silver alloys 
(containing 
phosphorus) 
Copper phosphorus 

Electrolytic copper 
Deoxidized copper 
Brass brazing alloy 

Naval brass 

Silver alloys 

(no phosphorus) 
Silver alloys 
(containing P.) 
Copper phosphorus 

Nickel silver 
Silver alloys 

(no phosphorus) 
Silver alloys 
(containing 
phosphorus) 
Copper phosphorus 

Silver alloys 

(no phosphorus) 
Silver alloys 
(containing P.) 
Copper phosphorus 

Brass brazing alloy 
Silver alloys 

(no phosphorus) 
Silver alloys 
(containing P.) 

Brass brazing alloy 

Silver alloys 

(no phosphorus) 
Silver alloys 

(containing P.) 
Copper phosphorus 
Nickel Silver 


60% Cu, 0.75% Sn, 
39.25% Zn 
58.5% Cu, 1.0% Sn, 
1.0% Fe, 0.25% Mn, 
39.25% Zn 
57 . 5 % Cu, 0.9% Sn, 
1.0% Fe, 0.03% Mn, 
0.09% Si, 40.48% Zn 
18% Ni, 55-65% Cu, 
27-17% Zn 
1.5% Si, 0.25% Mn, 
98.25% Cu; 1.5% Si, 
1.00% Zn, 97.50% Cu 
1.5% Sn, 0.3% P, 
98.2% Cu; 2.0% Sn, 
0.25% P, 97.75% Cu 
5 to 80% Ag, 

15 to 52% Cu 
Bal. Zn+Sn+Cd 
15% Ag, 5% P, 

80% Cu 

93.0% Cu, 7.0% P 
99.9+% Cu 

99.9+% Cu, 0.027% P 
60.0% Cu, 40.0% Zn 

60.0% Cu, 0.75% Sn, 

. 39.25% Zn 
See torch brazing 

See torch brazing 

See torch brazing 


See torch brazing 
See torch brazing 

See torch brazing 


See torch brazing 
See torch brazing 

See torch brazing 

See torch brazing 

60.0% Cu, 40.0% Zn 
See torch brazing 

See torch brazing 

60.0% Cu, 40.0% Zn 

See torch brazing 

See torch brazing 

See torch brazing 
See torch brazing 


Base Materials 

Steel, copper, high copper alloys, 
nickel, nickel alloys, stainless steel 
Steel, copper, high copper alloys, 
nickel, nickel alloys, stainless steel 
Steel, copper, high copper alloys, 
nickel, nickel alloys, stainless steel 

Steel, copper, high copper alloys, 
nickel, nickel alloys, stainless steel 

Steel, nickel, nickel alloys 

Steel 


Steel 


Steel, copper, copper alloys, nickel, 
nickel alloys, stainless steel 

Copper, copper alloys 


Copper, copper alloys 

Steel 

Steel 

Steel, copper, high copper alloys, 
nickel, nickel alloys, stainless steel 
Steel, copper, high copper alloys, 
nickel, nickel alloys, stainless steel 
Steel, copper, copper alloys, nickel, 
nickel alloys, stainless steel 
Copper, copper alloys 

Copper, copper alloys 

Steel, nickel, nickel alloys 
Steel, copper, copper alloys, nickel, 
nickel alloys, stainless steel 
Copper, copper alloys 


Copper, copper alloys 

Steel, copper, copper alloys, nickel, 
nickel alloys, stainless steel 
Copper, copper alloys 

Copper, copper alloys 
Steel 

Steel, copper, copper alloys, nickel, 
nickel alloys, stainless steel 
Copper, copper alloys 

Steel 

Steel, copper, copper alloys, nickel, 
nickel alloys, stainless steel 
Copper, copper alloys 

Copper, copper alloys 
Steel, nickel, nickel alloys 
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and wire as well as brass strip and wire 
are being used to obtain higher strengths 
and for elevated temperature service. 

Induction brazing is a comparatively 
recent development, but the process is 
used in many industries instead of fur¬ 
nace brazing because of the small amount 
of space required and the added advan¬ 
tage of having the work always visible 
for observation. When provision is made 
for automatic handling of parts, the pro¬ 
duction rate compares favorably with 
furnace brazing. The automotive, elec¬ 
trical and other industries making small 
assemblies find this process rapid and eco¬ 
nomical. Silver brazing alloys and cop¬ 
per phosphorous brazing alloys arc pre¬ 
ferred for this process because of their 
high fluidity at relatively low tempera¬ 
tures. Nickel silver may find increased 
use with this process because of its high 
flowing qualities when used with steel. 

Resistance brazing is used for joining 
small parts usually of dissimilar metals or 
metals difficult to resistance weld. Manu¬ 
facturers of electrical equipment use this 
process extensively for connecting silver 
contacts to other parts and joining trans¬ 
former heads. The process can be used 
for seam brazing, as, for example, in the 
production of copper or steel cylinders. 
The low temperature filler metals in the 
silver alloy and copper phosphorous 
groups are used with this process. 

The chemical bath type of dip brazing 
process is used by the refrigeration in¬ 
dustry and others where the parts to be 
joined can be assembled and jigged so 
that dipping in the hot chemical bath 
wdl heat the joints properly. The proc¬ 


ess requires the preplacing of the filler 
metal and is primarily applicable where 
a large number of assemblies is to be 
brazed. 

Dip brazing in a metal bath is limited 
to dipping small parts such as connecting 
ends of wires. Larger baths have been 
used occasionally where copper tubes, for 
example, have been assembled and the 
ends dipped into a metal bath to produce 
heat exchangers or radiators. The low 
temperature silver brazing alloys are 
most satisfactory for this process. 

One of the uses of flow brazing has 
been for the production of bicycle frames, 
but the introduction of induction brazing 
has limited its use. There is a compara¬ 
tively high loss of filler metal when 
larger parts are joined by dipping in a 
metal bath, and furnace brazing or induc¬ 
tion brazing arc being substituted for 
this process. 

I he twin-carbon arc brazing process 
lias limited industrial use. It finds great¬ 
est use on the farm or in rural districts 
where electricity is available but supplies 
of oxygen and gas are difficult to obtain. 
Torch brazing will always be preferred if 
tlie equipment is available. 

Table 1 gives a condensed picture of the 
Idle! metals and base metals which may 
be used with the different processes. 
However, the bronze welding rod com¬ 
positions given in the table are used 
principally in braze welding and not in 
brazing processes involving capillary 
action. See Chapter 38 for more com¬ 
plete information on the composition of 
Idler metals for capillary brazing. 
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CHAPTER 23 

SOFT SOLDERING* 


DEFINITION 

Soft solders are metals or alloys, used 
for joining most common metals, which 
melt at temperatures below the melting 
point of the base metal and in all cases 
below 800° F. The soldered joint de¬ 
pends for its strength on alloying with 
the base metal and upon mechanical bond¬ 
ing between the parts. 

Soft solders are generally made up of 
tin, tin-lead or lead with or without the 
addition of antimony, silver, arsenic or bis¬ 
muth to impart special properties. These 
metals or alloys behave differently than 
the so-called hard solders (silver braz¬ 
ing materials). 1 he joint strength ob¬ 
tainable is lower and may deteriorate 
rapidly if exposed to high temperatures or 
to corrosive conditions. Continued stre>s 
reversals which may be produced by vi¬ 
bration or a constant load which may 
cause creep, also result in a very rapid 
drop in the joint strength. 

MATERIALS AND AVAILABLE 

FORMS 

Soft solders are obtainable commer¬ 
cially in the form of wire (or string), 
bars, powders or ingots. The wire solder 
is obtainable with or without flux core. 

The list of soft solders given in Table 
1 on the next page, includes nominal com¬ 
position, types and applications. 


Fluxes 

The functions of a flux are to clean the 
joint area, prevent oxidation and lower 
the surface tension of the solder, thus in¬ 
creasing its wetting properties. Fluxes 
may be classified as follows : 


* Prepared b y a committee consisting of T R 
\\ > r . Delco Remy Div., CMC, Chairman ; G. J 
Herbert, Iicll Telephone Labs.; H. L Smith 
American Smelting: & Refining Co. 


Non-Corrosive Fluxes.— Rosin and 
Rosin Alcohol are truly non-corrosive 
fluxes. This type of flux requires that 
the parts be chemically or mechanically 
cleaned yet not polished brightly since the 
flux has little or no cleaning power and 
low wettability. A small addition of gly¬ 
cerin will increase the wetting properties 
ot the flux. The addition of a small 
amount ot lactic acid will increase the 
efficiency of the flux on brass parts. 
Some trouble is encountered in removing 
the brown stain which is left by the 
rosin. 1 he addition of a small amount of 
turpentine to the flux will help to reduce 
this stain. 1 his flux is used principally 
for electrical connections. 

Mild hluxes .—Citric acid in water is a 

low-cost slightly corrosive flux. If this 

flux is used for dip soldering, the acid 

should be dissolved in alcohol to reduce 

spatter. The addition of glycerin or sul- 

fonated alcohol will increase the wetting 

action and further reduce the spatter. 

Levulinic acid in alcohol is widely 

used as a flux on terne plate and tin plate 

m the can industry. Mild fluxes are 

generally used where a limited amount of 

corrosion is not objectionable or where 

ihe parts can be rinsed in water after 
soldering. 


-- . ....no,—z.nn cnionue and 

ammonium chloride (sal ammoniac) are 
the best-known corrosive fluxes used in 
sott soldering. They may be used singly 
or combined in various solvents They 
are quick acting and help to produce 
e flic lent joints quickly. However, if the 
parts are not cleaned after soldering, dis¬ 
coloration, corrosion, and loss of insulat¬ 
ing properties will result. These fluxes 
arc Widely used and generally produce the 
most efficient joints. Zinc cut in hydro¬ 
chloric (muriatic) acid, is most com¬ 
monly used by tinners and repairmen in 
their work. Solidified residue of the zinc 
chloride and ammonium chloride salts are 
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hygroscopic and each has the function of 
ionizing in the presence of moisture. 
This ionized material has the property of 
moving progressively along an electrical 
insulator and rendering it conductive on 
the surface. To protect the residue from 
moisture a coating such as petrolatum or 
grease is used. Removal of the protec¬ 
tive film by washing or degreasing with¬ 
out removing the flux residue will allow 
progressive corrosion to occur. 


for parts which require appreciable 
mechanical strength. A joint made by 
the combination of mechanical staking, 
crimping or folding, with the solder used 
only to seal against leakage, corrosion or 
to assure electrical contact is recom¬ 
mended where appreciable mechanical 
strength is required. When such a joint 
is used, sufficient clearance must be left 
for the solder to flow into the joint. This 
clearance will vary between 0.001 and 


Table 1—Types and Applications of Soft Solders 

Nominal Composition in Percent 


No. 

Tin 

Lead 

Antimony 

Silver 

Arsenic 

Melting Range, °F. 
Liquidus Solidus 

1 

99.8 

# • 

• • 


• • 

450 

450 

2 

62 

38 

• • 


• • 

361 

361 

3 

60 

40 

• • 


• • 

370 

361 

4 

50 

50 

• • 


• • 

420 

361 

5 

40 

60 

• • 


• • 

460 

361 

6 

30 

70 

• • 


• • 

500 

361 

7 

20 

80 

• • 


• • 

525 

361 

8 

15 

85 

• • 


• • 

550 

361 

9 

5 

95 

• • 


• • 

595 

570 

10 

38 

62 

• • 


0.1 

460 

361 

11 

32 

66 

2 


(l.l 

465 

367 

12 

• • 

97.5 

• • 

2 .5 


59u 

590 

13 

• • 

96.5 

• • 

3.5 


603 

590 

14 

3 

92 

5 

• • 

• • 

54 5 

463 

1 D 

1 

97.5 

• • 

1.5 

• • 

589 

589 


Typical Uses 

Electrical parts 
Eutectic solder 
Electrical and general 
applications 

General purpose low- 
tin solders 
Body solder 
High-temperature 
solder 

Wiping solder for lead 
pipe and cable sheath 
Silver-lead-solders for 
high-temperature use 
High-temperature 
solders 


The above alloys Nos. 2 to 9, inclusive, may or may not have antimony, silver or bismuth added 

to impart special properties. So-called fuse allo\s are not included since their use as solders 
is very limited. 

Antimony tends to increase surface tension in the solder deposit but when force is exerted to 
release surface tension, its How properties are better than tin-lead solder of the same tin content. 

Silver and antimony both tend to increase both the liquidus and solidus temperature. Silver tends 
to lessen the decrease in strength due to aging. 

• a< M C( J Jo solders tends to decrease the liquidus and solidus temperature but the solder 

is both hot and cold short. Dut to its brittleness, bismuth solder should not be used as a gas seal 
or tor joints subject to vibration. 

Aluminum solders are generally of tin-zinc or tin-cadmium composition, most of the analyses 
in use being proprietary. 


Additions of glycerin or free hydro¬ 
chloric acid to the corrosive fluxes may 
be necessary for particular jobs. The 
solvents commonly used in making these 
fluxes are water, where applicable, and 
alcohol, especially for dip soldering or 
tinning operations. Alcohol is a good 
solvent for cleaning the parts but is 
rather expensive to use since it soon be¬ 
comes contaminated with the flux. Alka¬ 
line cleaners, such as sodium phosphate 
or soap solution, followed by thorough 
rinsing in clear water are the least ex¬ 
pensive means of removing residues. The 
cleaning should be done immediately after 
soldering if corrosion is objectionable. 

METHODS AND PROCEDURES 

In general the joints obtained by the 
use of soft solders are not recommended 


0.010 in. depending on the materials to be 
joined, the flux and the solder used. As 
a rule the tin-lead solders with the higher 
tin content perform satisfactorily with the 
lower clearances while the lower tin con¬ 
tent solders, being more sluggish, require 
larger clearances. 

The parts to be soldered should be free 
from all oxide, scale, oil and dirt to in¬ 
sure sound joints. Cleaning by mechan¬ 
ical abrasion or chemical means is a 
necessary prerequisite to a sound joint. 
A flux is generally used to secure good 
joints except in some cases on aluminum. 
It is possible to make satisfactory joints 
on aluminum using special aluminum 
solders simply by mechanical rubbing of 
the soldering iron over the joint until 
alloying occurs. The milder the flux the 
more necessary it becomes to have the 
parts clean. The more active fluxes com- 
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bine some cleaning with their fluxing 
action. 

The material may be heated in any of 
several different ways. The most com¬ 
mon method is to use a heated soldering 
iron (sometimes called a copper), melt¬ 
ing the solder directly onto the iron and 
heating the parts by conductivity through 
the molten solder or by physical contact 
with the iron. The copper point of the 
iron may be heated by several means. 
1 he largest number of production irons 
are electrically heated. In isolated loca¬ 
tions, gas or charcoal furnaces or torches 
may be used. A familiar method is to 
heat the copper point with a burner built 
into the iron, burning a mixture of gas 
and air. 

One of the fastest means of heating is 
the flame obtained from one of several 
kinds of torches. When the flame is of 
considerably higher temperature than the 
protective temperature of the flux, i.e., 
the maximum temperature at which the 
flux is effective as an oxide preventive, 
the flame should be directed away from 
the joint and the parts brought up to 
temperature by indirect heating. When 
gas and air are used, flame temperatures 
as high as 2800° F. are reached with low 
fuel cost. Gas and oxygen are sometimes 
used, the temperatures obtained and the 
cost both being somewhat higher. Oxy¬ 


gen and acetylene are very fast but more 
expensive. 

Dip soldering is a fast, efficient method 
of soldering light parts. However, with 
sufficient thermal capacity heavy parts 
also may be dip tinned. Parts which are 
to be dip soldered should be fastened 
mechanically leaving a joint clearance of 
0.002 to 0.004 inch. For rapid heating 
the temperature of the solder bath should 
be at least 100° F. above the liquidus 
temperature but the operating tempera¬ 
ture should not be so high as to cause 
oxidation of the metal to an extent that 
frequent skimming of expensive dross is 
necessary. In some cases a protective 
coating of flux on the pot will reduce the 
drossing and speed up soldering. 

Induction heating is a fast, clean 
method of heating where the parts can be 
assembled with the solder and flux pre¬ 
placed. 

Resistance heating using low-voltage 
high current such as is obtained from a 
resistance-welding machine, may be used 
to heat the parts to be soldered. The use 
of high-resistance electrode facings such 
as carbon, molybdenum or tungsten will 
tend to give fast localized heat. 

Wiped joints using solder with a wide 
plastic range are used for sealing on lead 
cable and pipe. 
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CHAPTER 24 

OXYGEN CUTTING* 


FUNDAMENTALS OF PROCESS 

Introduction 

The introduction of the first cutting 
torch into this country about 1907 made 
a profound change in industrial practices 
having to do with the shaping of steel. 


a high degree, and the various factors 
which affect the quality, economy and rel¬ 
ative success of the operation have been 
given serious study. As a result it is 
possible to evaluate fairly accurately the 
metallurgical, chemical and mechanical 
changes of the metal accompanying and 



Shears can be used to cut low-carbon 
steels in thicknesses up to about V/ 2 in. 
only and higher carbon and alloy steels 
must be even thinner. Other methods of 
shaping heavier sections are expensive 
and generally require that the work be 
transported to the machine. The cutting 
torch, which is capable of cutting metal 
48 in. or more in thickness provides a 
tool that can easily be taken to the work 
and can be used for cutting not only in 
straight lines but, by means of mechanical 
guiding can be used for cutting all man¬ 
ner of shapes to fairly accurate dimen¬ 
sions. 

Oxy gen cutting has been developed to 

* Prepared by a committee consisting of E 
H. Roper Air Reduction Sales Co., Chairman ; 
n Bibcock, The Linde Air Products Co.; A. 
F. Chouinard, National Cylinder Gas Co.; R 
L Deilv, Arcway Equipment Co.; Bela Rona v ; 

fr a j Engineering Experiment Station; 
U. M. Underwood, Northern Ordnance, Inc. 


attributable to the cutting. 

Definition and General Description 

Classification of Cutting Processes .— 
Oxygen-cutting processes may be classi¬ 
fied under two subdivisions, oxygen cut¬ 
ting and oxygen machining. The former 
includes most severing operations, and is 
the subject of this chapter. The latter, 
oxygen machining consists of various sur¬ 
face-shaping operations, which are treated 
in detail in Chapter 26A. 

A further breakdown of oxygen cutting 
is shown visually in the chart shown in 

Fig. 1. 

This chapter is devoted entirely to those 
processes shown in Fig. 1, a separate 
discussion being provided for each. It 
is interesting to note at this point, how¬ 
ever, that all of these processes are proved 
and extensively used commercial proc- 
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esses, none of them being in the experi¬ 
mental or development stages, all being 
used as production operations. 

This same statement does not apply to 

the oxygen-machining processes covered 
in Chapter 26A. 

Manual Oxygen Cutting. —Manual oxy¬ 
gen cutting is the process whereby the 
tip of a cutting torch is directed at the 
material to be cut and is guided by hand 
along the line of the cut. In manual oxy¬ 
gen cutting the torch is advanced and 
controlled by the operator’s hand, so that 
the quality of the cut is mainly dependent 
upon the skill of the operator in adjust¬ 
ing, guiding and advancing the torch in 
the proper manner. 

Machine Oxygen Cut ting .—For many 
operations, it is advantageous to me¬ 
chanically hold, guide and advance the 
torch along the work as a means of im¬ 
proving the quality of the cut. When 
practicable, mechanically guided, oxygen¬ 
cutting equipment will result in better 
workmanship, accuracy and economy than 
with manual equipment. 


driven machine runs on sections of 
straight track, which guide the machine 
and the torch mounted upon it. 

Shape-cutting machines are usually 
electric-motor driven although other 
sources of power are used. Some have 
tracing devices which are manually guided 
around the outline of a drawing or tem¬ 
plate of the required part. Some ma¬ 
chines are fitted with motor-driven guide 
rollers, which automatically follow a tem¬ 
plate of the required shape, simulta¬ 
neously controlling the movement of the 
torch so as to cut the same shape. One 
or more torches mounted on the machine 
duplicate the motion of the tracing de¬ 
vice over the work, thereby cutting the 
shape traced. Motor-driven, magnetized 
rollers, which adhere to steel templates 
as they advance automatically around the 
contour, are a feature of certain machines. 
A yet more elaborate development in 
tracing devices is the electric eye tracer 
which, by means of a spot of light pro¬ 
jected from the tracer head mounted on 
the machine follows the outline of a 



Machine oxygen cutting in a straij 
line is even simpler than manual oxyj 
cutting. Once tlie machine and gas pr 
sures have been adjusted the torch f 
lows the line of cut automatically. It n< 
only be advanced uniformly at pro] 
speed, either manually operated or pov 
driven One type of portable, mon 


drawing of the piece to be cut. 

Most oxygen-cutting machines may be 
adapted to circular cutting. With some, 
an adjustable-length radius rod with a 
center point is furnished. 

Some typical shapes, for which machine 
hT Fig" 2 UUln8 ' S adapted - are illustrated 
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Scrapping .—Scrapping differs from 
manual and machine cutting in that its 
object is to sever the metal without re¬ 
gard to the quality of the cut. The major 
purpose of scrapping is for cutting un¬ 
wieldy steel sections into smaller pieces 
for easy handling during demolition work, 
or for salvaging waste materials so they 
can be returned to steel mills and found¬ 
ries for re-use as raw materials in steel 
making. 

Lance cutting by itself, or in conjunc¬ 
tion with machine cutting, is used for 
scrapping operations involving very heavy 
thicknesses. In fact, lance cutting is not 
confined to the cutting of steel. It has 
been used successfully for the piercing or 
cutting of nonferrous metals and even 
non-metals such as concrete vaults or 
foundations. 

Rivet cutting is yet another scrapping 
operation made easy and quick by use of 
the oxygen-cutting torch. For removing 
damaged sections in railroad maintenance 
and ship repair, the cutting torch used 
for rivet cutting is widely accepted. 

Chemistry of Oxygen Cutting 

If iron or steel is heated to a tempera¬ 
ture of approximately 1600° F.* and 

comes in contact with oxygen, the iron is 
immediately oxidized. The phenomenon 
of combustion of iron in oxygen is analo¬ 
gous to the combustion of coal in a fur¬ 
nace. If the coal is heated to the kindling 
temperature in an atmosphere of air (air 
contains roughly 20% oxygen) the coal 
burns or oxidizes. Likewise if iron is 
heated to the ignition or kindling tem¬ 
perature in contact with oxygen it burns 
or oxidizes very rapidly. 

The chemical equation for this reaction 
is as follows: 

3Fe + 20 2 = Fe 3 Oi 

In the process of oxygen cutting, ad- 
• vantage is taken of the capacity of pure 
oxygen to combine rapidly with iron that 
has been heated to the kindling tempera¬ 
ture. Theoretically, 4.6 cu. ft. of oxy¬ 
gen will oxidize 1 lb. of iron to FeaCX, 
but in practical cutting operations where 


* The ignition temperature of iron or steel of 
1600° F. is a figure which is time honored, but 
which we believe is considerably lower than that 
actually required before sizable steel bodies can 
be attacked by the oxygen stream. Laboratory 
tests have indicated that furnace heating of 
steel billets to 2200° F. is necessary before 
ignition with the oxygen stream can be effected 


proper attention is given to the variables 
involved, the amount of oxygen used is 
appreciably less. This is because not all 
of the iron is oxidized to Fe 3 C>4. Some 
unoxidized or only partly oxidized metal 
is removed by the force of the rapidly 
moving oxygen stream. Analysis of the 
slag has shown in some instances over 
30% to be iron which has not been oxi¬ 
dized. 

The heat generated by the combustion 
of 1 lb. of iron to FeoCh is 2900 Btu. and 
the high temperature resulting from the 
liberation of this heat melts some of the 
iron adjacent to the reaction surface. 
This molten iron is swept out by the 
rapidly moving stream of oxygen and 
iron oxide. Most of it is oxidized before 
it is blown clear of the cut and thus fur¬ 
nishes heat for melting another layer of 
iron at the active cutting front. Because 
oxidation is not an instantaneous process, 
the heat developed by oxidation of the 
iron removed from the uppermost level 
of the cut is liberated for the most part 
at a somewhat lower level. For this 
reason it is necessary to make up the 
thermal deficiency at the uppermost level 
by means of preheating flames at the 
torch tip, which burn continuously while 
the torch is in motion. 

Many of the impurities and alloying 
elements in steel, when present in small 
amounts, are oxidized or dissolved in the 
slag without interfering with progress of 
the cut, but this is not true of some of the 
alloying elements when present in appre¬ 
ciable amounts. While steels containing 
these oxidation resistant elements can be 
cut, the technique required is quite differ¬ 
ent from that used with the plain carbon 
or low-alloy steels. 

Torch and Tip Operation 

Essentially, the cutting of iron or steel 
by the oxygen cutting process merely in¬ 
volves the direction of a jet of pure oxy¬ 
gen onto an area that has been previously 
heated to the ignition or kindling tem¬ 
perature, and as the iron is oxidized, 
slowly and uniformly moving the jet 
along the line to be cut. If the cutting is 
to be continuous, however, it is necessary 
to supply heat to the steel just ahead of 
the oxygen stream. In the early applica¬ 
tions of the process, the required heat, 
called preheat, was supplied by the flame 
of a welding torch. In fact, the cutting 
operation was carried out with an oxygen 
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nozzle attached to a welding torch, the 
heating flame of the welding torch being 
positioned in advance of the oxygen jet. 
Such an arrangement had the disadvan¬ 
tage that it required careful manipulation 
to insure that the preheating flame always 
preceded the cutting jet, and this was par¬ 
ticularly difficult when the contour of the 
desired cut was other than a straight 
line. 

Modern torches are equipped with 
separable tips commonly called cutting 
tips in which the oxygen-cutting jet is 
surrounded at a proper distance by sev¬ 
eral preheating flames (see Fig. 3). 



fifl. 3.—Diagram matic Representation of 

Typical Catting Tip 


W ith this arrangement the torch may be 
moved in any direction without losing the 
effect of the preheating flames. In addi¬ 
tion a uniform distribution of the pre¬ 
heating flames around the cutting oxygen 
stream helps to stabilize it and insures a 
smoother cut surface, particularly when 
cutting heavy sections. Individual valves 
are provided for controlling the gas flow, 
so arranged that there is independent con¬ 
trol of the fuel gas used for preheating, 
the oxygen for preheating and the oxygen 
used for cutting. 

Basic Cutting Procedure 

In all oxygen cutting, the preheating 
gases are first lighted either with a spark 
lighter or pilot light and the pressures ad¬ 
justed so that the flames are stable both 
with or without the cutting oxygen flow- 
iug. The preheating flames are then 
directed toward the work at the edge of 
the metal where the cut is to be started. 

1 he preheating flames are allowed to play 
upon a small area until a bright red spot 
appears which indicates that the metal is 
at its kindling or ignition temperature. 

I he cutting oxygen valve is then opened, 
and with the preheat flames still burning 


the torch is advanced at a steady rate 
along the line of the cut. When cutting 
is started within the work-piece, the pro¬ 
cedure must be modified to prevent the 
slag from blowing back at the tip. This 
is achieved by holding the tip at a slight 
angle until a hole has been pierced. 

In cutting ordinary steel, the tip should 
be held perpendicular to the work-piece 
at a uniform distance above the surface. 
Usually the tip is held at a distance from 
the material such that the ends of the 
inner cones of the preheating flame just 
clear the surface of the metal. In 
straight line cutting, it is usual to hold 
the torch in such a manner that the pre¬ 
heating orifices straddle the line of cut. 

I he torch is advanced steadily at the 
proper speed with as little wavering as 
possible. If the speed of traverse is too 


ft feat, the slag and oxide emerging from 
the bottom of the cut will trail back at 


an angle. When this 


is the case there is 


imminent danger of the stream suddenly 
failing to penetrate the steel completely. 
The operator, whether using manual or 


machine cutting equipment, must closely 
observe the slag emerging from the bot¬ 


tom of the cut or the general nature of 


tlu- course pursued by the oxygen and 
'd.ig stream as it traverses downward 


through the steel, and make adjustment 
of the speed of travel accordingly. If 
the movement is too fast, the cut may be 
lost completely and have to be restarted. 


Fuel Gases For Oxygen Cutting 

Several fuel gases are used for preheat¬ 
ing in oxygen cutting, the selection being 
largely the result of economic considera¬ 
tions. It is essential, however, that the 
torches and tips used be designed prima¬ 
rily for the particular fuel gas to be used, 
it the best results are to be obtained. 

I he function of the preheating flames 
is twofold. Oil the one hand, in starting 
the cut, enough heat must be applied to 
the steel to raise it to the ignition tem¬ 
perature. On the other hand, during the 
actual cutting operation enough heat must 

*^i . _ . . II surface of the 

stee to maintain the thermal balance, as 

explained m the section on Chemistry of 

Oxygen Cutting, and to dislodge or melt 

through the thickness of any heavy rust 
scale or paint. ’ 


A preheat 
to raise the 
turc* rapidly 


intensity which is sufficient 
steel to the ignition tempera- 
will also be sufficient for 
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rapid and highly economical cutting. The 
expression preheating time merely signi¬ 
fies the time required to heat the steel to 
the ignition temperature; that is, to a 
temperature sufficiently high that, when 
the oxygen cutting jet is directed onto the 
heated locality, oxidation will be initiated 
and the cutting operation will begin. 


vantages for heavy cutting because of the 
characteristic long flame. Its disadvan¬ 
tage is its relatively low Btu. value per 
cubic foot. In underwater cutting its 
usefulness lies in the fact that it can be 
safely compressed to the pressures neces¬ 
sary to overcome water pressures at 
depths at which salvage operations are 



Listed below are the more common fuel 
gases used for preheating, together with 
some of the basic advantages of each of 
them. Charts listing the constants of 
the various fuel gases will be found in 
Figs. 3, 4 and 5 of Chapter 4. 

Acetylene .—This gas is the most widely 
used fuel gas in oxygen cutting. Its 
chief advantages are availability, high 
flame temperature and widespread famil¬ 
iarity with its flame characteristics. The 
high flame temperature is particularly 
important when the starting time (such 
as for short cuts) is an appreciable frac¬ 
tion of the total time for cutting. 

Hydrogen .—At present hydrogen is 
preferred for underwater cutting and in 
the past has been claimed to have ad- 


undertaken. 

Propane .—This gas is being used regu¬ 
larly in a number of plants because of its 
relatively low cost in large quantities 
where it is also used for other purposes 
and its high Btu. value per cubic foot. 
However, for proper combustion propane 
requires about four to five times its vol¬ 
ume of oxygen, to some extent offset¬ 
ting the economic benefits derived from 
its initial low cost. 

Natural Gas .—In localities where natu¬ 
ral gas is available, it is often used as 
a fuel for the preheating flames of cut¬ 
ting torches. Its characteristics as a 
fuel gas for ox>'gen-cutting operations are 
much like those of propane; and the same 
cutting tips are generally used for both. 
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City Gas .—City gas has been widely 
used in a few industrial regions, where 
economic factors are favorable. Because 
of the lower flame temperature oxy-city 
gas cuts in thin materials are likely to 
be smoother and sharper than oxy-acety- 
lene cuts. The speed of cutting with city 
gas as compared with acetylene is some¬ 
what slower. Low calorific value and low 
flame temperature account for the high 
consumption of city gas necessary in oxy¬ 
gen cutting. 

Except for acetylene, hydrogen and 
propane, the usual fuel gases involve a 
mixture of several constituents. 

Effect of Oxygen Purity 

Only oxygen of the very highest purity 
should be used for cutting operations. 
The influence of what might otherwise he 
regarded as trivial amounts of impurities 
is illustrated by Figs. 4 and 5. It will be 


which tend to be self-propagating but 
in which there is not a great deal of heat 
developed in the reaction at any given 
point beyond that which is necessary to 
raise adjoining regions to the kindling 
temperatures. It is typical of such re¬ 
actions that small changes in concentra¬ 
tion, or purity, of one of the constituents, 
result in very great variations in the 
speed of the reaction. 

Metallurgical and Physical Effects of 

Oxygen Cutting 

As explained previously, a quantity of 
heat is liberated in the kerf when steel is 
cut with the oxygen jet. Much of this 
heat is transferred to the walls of the 
kerf and as a result the metal for an ap¬ 
preciable depth adjoining the cut surface 
is heated rapidly to a temperature well 
above the critical range. But as the cut 
progresses and the source of heat moves 
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perature range and rapidly cooled, will 

harden and the degree of hardening will 

depend to a large extent on the amount of 

carbon and alloying elements present in 

the steel, and also on the rate of coolin 0- 

£*> * 


A rapid quench from a high temperature 
will result in a hardened steel. This is 
the condition brought about at the face of 
the cut where the temperature of the 
cutting operation has been high enough to 
raise the metal well above the critical or 
transformation temperature range and 
where this heated zone is bounded by 
large masses of relatively cold metal, 
which in turn act as the quenching me¬ 
dium. (See Chapter 3 for information on 
the metallurgy of steel.) 

A study of Fig. 6 brings out four im¬ 
portant facts: 

1. The heat released in cutting pene¬ 
trates to a measurable distance and 
raises the temperature sufficiently to 
produce subsequent hardening. In this 
particular instance the penetration is 
approximately Vs to 3 /io inch. 


2. The hardening effect on carbon 
steels containing 0.25% carbon or less 
is negligible for most practical purposes. 

3. The higher carbon and alloy steels 
are hardened to a greater degree than 


the lower carbon and unalloyed steels. 

4. The hardness effect progressively 
decreases away from the cut. 

A metallographic examination of the 
hardened area shows that for the lower 
carbon steel the pearlitic structure normal 
for most steels in the annealed state has 
been converted into sorbite (or into 
troostite if the carbon content is high 
enough), and that the same constituents 
with the addition of martensite are ob¬ 
tained in the case of the higher carbon and 
alloy steels. Moreover, as illustrated by 
Fig. 7, the zone between the face of the 
cut and the unaffected metal at a distance 
from the cut reveals more or less of the 
original grain structure. The obvious ex¬ 
planation is that the metal was not held 
sufficiently long at temperatures above 
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the transformation temperature to per¬ 
mit complete transformation to aus¬ 
tenite. It is because the austenitic trans¬ 
formation was incomplete that it was 
not possible when the metal was sub¬ 
sequently chilled to develop fully the sor- 
bitic and troostilic structures. This is 
probably the primary explanation for the 
progressively decreasing hardness inward 
from the face of the cut. although some 
increased hardness at the face of the cut 
may be due to the fact that there is 
quenching from a temperature higher 
than the temperatures inward from the 
face. 

It has been clearly shown that the 
effect of oxygen cutting does not ex¬ 
tend to a very great depth. With thick¬ 


sawing, have shown the damaging effect 
of the latter two methods to be generally 
far more pronounced than that of oxygen 
cutting. 

Figure 8 gives some indication of what 
may be expected with Vz-in. steel that has 
been sheared, friction sawed or machined 
as compared with typical examples of 
oxygen cutting. It will be seen that the 
oxygen-cut edge is in much better condi¬ 
tion than that produced either by shearing 
or friction sawing. Metallographically it 
is superior to the unaffected metal or the 
machine-cut edge because it is charac¬ 
terized by the relatively tough sorbitic 
structure which has characteristics supe¬ 
rior to pearlite, the prevalent constituent 
in annealed or air-cooled steels of the 



Fig. 7 — Effect of Oxygon Cutting on Microstructure 


nesses as great as 30 in., it extends to 
a depth of the order of 3 /« inch. How¬ 
ever, as indicated by Fig. 6 the depth of 
hardening when cutting 6-in. low-carbon 
steel is only about 7« in., although it may 
Ik* as much as V* in. with higher carbon 
and alloy steels. For Vz-in. material the 
depth of the affected zone in low-carbon 
steel is only about 7:.s in. (see Fig. 8). 
For lighter thicknesses it is even less. If 
actually required, much or even all of the 
hardened surface metal may readily be 
removed by machine tools. If a machine 
finish is not necessary, however, and the 
cutting has been done with sufficient ac¬ 
curacy, the affected metal need not be re¬ 
moved, except possibly in the case of the 
higher carbon steels and alloy steels. 

Bending and tensile tests made with 
specimens prepared from structural steel 
containing less than 0.25% carbon, by 
oxygen cutting, shearing and friction 


low-carbon type. 

From the foregoing it is evident that 
for lower carbon steels there is no ques¬ 
tion that the oxygen-cut surface is at least 
equal in physical properties to the un¬ 
affected metal and most codes recognize 
this fact. For example, the ASME 
Boiler Code merely specifies that “the 
edges must be uniform and smooth and 
must be freed of all loose scale and slag 
accumulations before welding.” It further 
states that “the discoloration which may 
remain on the flame-cut surface is not 
considered to be detrimental oxidation.” 

I he Boiler Code does not, however, per¬ 
mit welding oxygen-cut surfaces in steel 
of over 0.35% carbon content. This is 
because with the higher carbon content 
there is a tendency for the cut edge to 
develop minute cracks. For ordinary 
work, these minute cracks can be pre¬ 
vented by proper preheating. 
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V/CKER3 HARDNESS 



Reading- from top down in Fig. 8, the 
surfaces illustrated are produced by the 
various cutting procedures and show: 

(a) Machined surface 

(b) Sheared surface 

(c) Friction-cut surface 

(d) Manual oxygen-cut surface 

(e) Machine oxygen-cut surface 


Chemical Effects of Oxygen Cutting 


VtCKERS HARDNESS 



In addition to the purely metallurgical 
changes due to oxygen cutting there are 
chemical changes which extend to a slight 
depth. Samples taken from near the cut 
surface of carbon steels show a slightly 
higher carbon content than samples taken 
at a greater depth. The increase in car¬ 
bon near the surface occurs regardless of 
whether the preheating flames are fed by 
a gas containing carbon, such as acety¬ 
lene, or by a carbon-free gas, such as hy¬ 
drogen. Tt would appear that the increase 
in carbon is brought about, at least in 
part, by migration of carbon from the 
colder metal to the hotter metal. Several 
investigators have found that the carbon 
content is actually slightly lower a mod¬ 
erate distance in from the face of the cut 
than it is in the unaffected zone at a dis¬ 
tance from the cut (see Fig. 9). It ap¬ 
pears logical, therefore, to conclude that 
the increased carbon content at the face 
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^ Effect of Cutting Procedures on 
Surface Hardness and Microstructure 


of the cut may have been derived from 
the region of abnormally low carbon con¬ 
tent. A carbon migration toward the face 
could presumably be the result of carbon 
enrichment effected by the progressive 
precipitation of ferrite which advances 
from more remote regions toward the 
face of the cut because of the higher tem¬ 
peratures attained closer to the cutting 
zone. 

There are, however, two other possible 
explanations. One is that some carbon 
may be absorbed from the hot metal be¬ 
ing oxidized in the cut. The other is 
somewhat similar, viz., that the action of 
the oxygen jet at the face of the cut is 
such that the ferrite is more actively at¬ 
tacked than is the cementite and that the 
increased carbon content is derived from 
the latter. This, however, is probably 
only a minor factor. 

Nickel acts similarly to carbon in con¬ 
centrating at the surface of the cut; 
chromium and copper do the opposite, 
while manganese and silicon are not ap- 
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preciably affected. These effects are 
minor. 

Effects of Alloying Elements 

Alloying elements have two possible 
effects ; first, they may increase the resist¬ 
ance of the steel to the cutting; and, sec- 
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ing harder, they are more brittle and 
more likely to crack from strains set up 
by cooling stresses. It is therefore ad¬ 
visable to preheat these steels before oxy¬ 
gen cutting. In fact, for steel having a 
carbon content over 0.25% or any alloy 
that is hardenable, preheating should al- 
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0,1(1 they may give rise to hardened cut 
surfaces. The first effect is roughly 
evaluated in Table 1. 

Heat Treatment 

I Main-carbon steels containing 0 25% 
carbon or less are not, as a rule, subject 
to hardening or cracking as a result of 
temperature changes due to oxygen cut¬ 
ting, except for heavy sections or cast¬ 
ings. 

As the carbon content increases or al¬ 
loys are added, steels become more and 
more responsive to heat treatment; that 
is. they become harder when suddenly 
cooled from above the critical range. Be- 


uays be employed. The need for pre¬ 
heating is greater for the heavier sec¬ 
tions than for the lighter sections and be¬ 
comes a requirement when heavy sections 
are to be cut to intricate shapes. With 
sueh shapes having acute angles where 
high stress concentration will be involved, 

H ,s Particularly desirable to preheat and 
stress relieve. 

Preheating accomplishes several useful 
purposes : 


P It increases the efficiency of the 
cutting operation by reducing the 

m'm-.'t* °! l oxyeen an<1 Oel gas required 
to muk“ the cut. 

-• It reduces the temperature gra- 
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client set up by the cutting operation. 
This in turn reduces or gives more 
favorable distribution of the cooling 
stresses, thereby preventing the forma¬ 
tion of quenching or cooling cracks. 
Distortion is also reduced. 

3. It reduces the hardness of the cut 
surface by reducing the rate of cooling. 

4. It reduces the carbon and nickel 
migration toward the cut face by low¬ 
ering the temperature difference be¬ 
tween the cut face and the body of the 
metal. 


very high cutting speeds may be reached. 
(Refer to the section on Cutting at 
Elevated Temperatures for a discussion of 
the factors involved when the base metal 
is maintained at a temperature in excess 
of the usual preheat temperatures.) The 
higher the temperature, the more rapid is 
the reaction of the oxygen with the iron; 
it is, therefore, possible to cut faster when 
the metal is preheated. But it is essen¬ 
tial that the temperature be fairly uni¬ 
form, for if the outside of the metal being 


Table 1—Effect of Alloying Elements on Resistance of Steel to Oxygen Cutting 


Element 


Effect of Element on Oxygen Cutting 


Carbon C 

Manganese Mn 
Silicon Si 

Chromium Cr 


Nickel Ni 


Molybdenum Mo 


Tungsten W 

Copper Cti 
Aluminum A1 

Phosphorus P 
Sulfur S 

Vanadium V 


Steels up to 0.259c carbon can be cut without difficulty. Higher carbon steels 
should be preheated to prevent hardening and cracking. Graphite and cementite 
(Fer^C) are detrimental but cast irons containing 4% carbon can be cut by 
special techniques or processes, described in later pages of this chapter. 

Steels of about 149c manganese and 1.5% carbon are cut with difficulty and for 
best results should be preheated. 


Silicon in amounts usually present has no effect. Transformer irons containing 
as much as 4% silicon are being cut. Silicon steel containing considerable 
amounts of carbon and manganese must be carefully preheated and post-annealed 
for best physical properties. 


Pure chromium reacts with oxygen only when at very high temperatures. Steels 
up to 5 % chromium arc cut without much difficulty when the surface is clean. 
Higher chromium steels, such as 10% chromium steels, require special technique 
(see section on ( utting of Materials of Poor Cuttability) and the cuts are rough 
when the usual oxy-acetylene cutting process is used. In general, carburizing 
preheating flames arc desirable when cutting this type of steel. The recently 
developed flux injection and iron powder cutting processes, described in a later 
section, enable cuts to be readily made in the usual straight chromium irons 
and steels as well as in stainless steel. 


Amounts up to 20 or 309c, if the carbon is not too high, may be cut with the 
conventional oxy-acetylene process; up to about 7% nickel content, cuts are very 
satisfactory. C uts of excellent quality may be made in the usual engineering 
alloys of the stainless steels (18-8 to about 35-15 as the upper limit) by the 
flux injection or the iron powder cutting processes. 

This element affects cutting about the same as chromium. The pure metal is 
difficult to cut. Aircraft quality chrome-molybdenum steel offers no difficulties. 
High molybdenum-tungsten steels, however, may be cut only by means of special 
technique. 

The pure metal may be cut if heated to a sufficient temperature. The usual 
alloys up to 12 or 14% may be cut very readily, but cutting is difficult with a 
higher percentage of tungsten. The limit seems* to be about 20% tungsten. 

In amounts up to about 2%, copper has no apparent effect. 

Unless present in large amounts (on the order of 10%) the effect of aluminum 
is not appreciable. 

This element has no effect in amounts usually tolerated in steel. 

Small amounts, such as are present in steels, have no effect. With higher 
percentages of sulfur, the rate of cutting is reduced and sulfur dioxide fumes 
are noticeable. 


In the amounts usually found in steels, this alloy may improve rather than 
interfere with cutting. 


In practice the temperature used for 
preheating varies from 200 to about 1300° 
F. The tendency among those who have 
had much experience in this direction 
appears to favor the lower temperatures 
(generally below 600° F.) rather than 
the higher temperatures. When the tem¬ 
perature is too high, particularly if it 
exceeds 1200 or 1300° F., it is more 
difficult to make smooth cuts, even though 


cut is at a lower temperature than the in¬ 
terior, the oxidation reaction will proceed 
more energetically in the interior than at 
the top and bottom. The result is often 
the formation of large pockets in the in¬ 
terior that will either give rise to an 
unsatisfactory cut or to such slag pollu¬ 
tion at lower levels that it will be impos¬ 
sible for the oxygen stream to completely 
penetrate the steel. Consequently, it is 
important that the cutting be effected as 
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soon as possible after the material is re¬ 
moved from the preheating furnace. 

If, through lack of facilities, preheating 
should prove impracticable, the stresses 
incident to cutting may be reduced ap¬ 
preciably, in the case of very light cut¬ 
ting, by passing the cutting torch, with 
the preheating flames lighted and the 
cutting oxygen turned off, slowly over 
the line of the cut until the metal in this 
region is raised to the approximate tem¬ 
perature desired. While one such pass 
may suffice, two or more passes generally 
yield better results. Another method 
which gives even better results is to pre¬ 
heat the metal by means of an auxiliary 
multiflame heating tip so mounted as to 
precede the cutting tip. 


ing straight up and down rather than 
dragging back so far that a large 
(lower) corner is not cut. When the 
drag is so short that no uncut corner 
is left, the cut is often referred to as a 
drop cut. The left hand sketch of Fig. 
10 shows a 0.11-in. drag with lower cor¬ 
ner completely severed; center illustra¬ 
tion shows 0.20-in. drag with corner 
completely severed; right illustration 
shows a 0.22-in. drag and lower corner 
not completely severed. (Fracture in 
lower left-hand corner not clearly re¬ 
vealed by photograph.) 

2. Sufficiently smooth sides of cut; 

i.e., not grooved, fluted or ragged. 

3. Satisfactory slag condition. For 
most production work there should be 
no firmly adhering slag that is difficult 
to remove. 



Fig. 10.— Specimens of 1-In. Cuts 


1 o avoid, or at least greatly minimi/e, 

the internal stresses set up in the steel In 

the oxygen-cutting process, it is pos 

sible to utilize the annealing, normaliz 
• 

mg or stress-relieving processes subse 
‘jiient to the cutting operation These 
heat-treatment processes are discussed in 
detail in Chapter 43. By proper post- 
heat treatment, all traces of the metal¬ 
lurgical changes caused by oxygen cut¬ 
ting will he eliminated. It a furnace i> 
not available to carry out the heat treat¬ 
ment, or if because ot si/e it should prove 
impracticable to use a furnace, the cut 
surface usually may be reheated to the 
proper temperature by means of multi- 
flame heating tips. 

Quality of Oxygen Cutting 

It is necessary to define carefully and 
have a clear understanding of the phrase 
quality of the cut. A satisfactory com¬ 
mercial cut may be defined as one fulfill- 
mg the following requirements: 

1. A sufficiently short drag; that is, 
the line markings on the face of the 
cut should approach the condition of be- 


4. The upper edges of the cut should 
be sufficiently sharp for the require¬ 
ments of the particular job. The term 
uit’lt doion is often used to refer to the 
condition when the preheating flames 
have caused the upper edges of the cut 
to become molten, thereby losing the 
sharpness requisite in a quality cut. 

I he first two requirements mentioned, 
vi/., length of drag and smoothness of 
cut. are generally of greater practical im¬ 
portance than the other two, and of these 
two, die length of drag is of greater 
fundamental importance. In fact, length 
of drag alone may be used as the crite¬ 
rion for obtaining the most economical 
cutting conditions. In general the re¬ 
quirements for a sufficiently smooth cut, 
satisfactory slag condition and sharp 
edges will also be fulfilled adequately for 
the majority of applications. 

I'he ten most important variables that 
affect oxygen cutting are as follows: 

1 Size of cutting orifice. 

2. Oxygen operating pressure. 

3. Speed of cutting. 

4. Thickness of the material being cut 
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5. Quality of the material. 

6 . Purity of the oxygen. 

7. Intensity of the preheat. 

8 . Angle of incidence of the cutting 

stream to the upper edge. 

9. Smoothness of cutting orifice. 

10. Cleanliness of the end of the tip. 

The rate of oxygen consumption must 
be thought of as dependent upon the first 
two of these variables and not as a sepa¬ 
rate independent variable. 

For any given cut each of the variables 
listed should be so evaluated that the pre¬ 
cise quality of cut desired may be real¬ 
ized with the minimum aggregate cost in 
oxygen, fuel gas, labor and overhead. 

Another factor to be considered along 
with-the quality of the cut is the precision 
with which oxygen cuts can be maintained. 
When the torch is held rigidly and ad¬ 
vanced at constant speed, as in machine- 
guided oxygen cutting, across-the-cut 
tolerances may be maintained within nar¬ 
row limits. In ordinary steel of 6 in. 
thickness, cut surfaces can be held true 
as to cross-sectional squareness, within 
V 32 inch. Cuts in thinner sections can 
be held within proportionally smaller 
limits. The degree of longitudinal pre¬ 
cision of a machine-guided torch cut de¬ 
pends on the trueness of the guide rails 
of the cutting machine, the clearances in 
the operating mechanism and the uniform¬ 
ity in speed of the propelling unit. Ma¬ 
chine-guided torch cuts are frequently so 
smooth and square and have such sharp 
edges that they require no further finish¬ 
ing of any kind. 

It is impossible to attempt high pre¬ 
cision shape cutting without an accurate 
knowledge of kerf widths. It is not prac¬ 
tical, however, to present data on kerf 
widths in this particular treatment be¬ 
cause the widths not only vary consider¬ 
ably with the operating pressure, speed of 
cutting, etc., but are primarily dependent 
upon the particular cutting orifice em¬ 
ployed. It is therefore advisable that 
such information be gained by direct ob¬ 
servation. Care should be taken not to 
generalize such data because kerf widths 
are specific to the particular cutting con¬ 
ditions involved. For example, it will 
be found that the kerf is affected by the 
distance of the tip from the upper sur¬ 
face of the material. The tendency is for 
wider kerfs to result when the tip separa¬ 
tion is increased. 

Precision shape-cutting also demands 


that attention be given to the question of 
thermal expansion. Lack of precision 
may result either from warpage of the 
material in the event that thin sheet or 
plate stocks are involved, or it may re¬ 
sult from a shifting of the plate during 
progress of the cut as a result of the heat 
of the cutting operation. One should, 
therefore, carefully plan the operation so 
as to minimize these effects. For in¬ 
stance, it is desirable to eliminate if pos¬ 
sible, narrow sections of metal that may 
become overheated. 

Buckling and warping can often be 
minimized. When trimming both sides 
of a plate, warpage will be lessened if two 
torches are mounted one on each side so 
that both cuts are made simultaneously 
and in the same direction. Distortion 
can often be controlled in making irreg¬ 
ular cuts in plates by inserting wedges 
appropriately in the kerf following the 
cutting torch to limit the expansion of 
the metal. In cutting openings in the 
middle of a plate, it may be found advan¬ 
tageous from the standpoint of distortion 
to make a series of unconnected cuts leav¬ 
ing the cut out attached to the plate in a 

number of places until the cut has been 
almost completed; the connecting parts 
are then cut through last. Thin gage 
material is often stack cut, thereby not 
only increasing production but also elim¬ 
inating warping and buckling. Thin plate 
has also been cut under water to remove 
the heat caused by the cutting and thus 
prevent distortion. 

EQUIPMENT USED 

Manual 

Cutting equipment for manual and ma¬ 
chine cutting is identical in the respect 
that in all cases the gases from the supply 
source are fed through suitable regulators 
to provide a steady pressure and intro¬ 
duced to the torch. In the torch, the gas¬ 
eous preheat fuel is mixed with the cor¬ 
rect amount of oxygen and the mixed 
gases are burned at the tip to provide the 
preheat. At the same time, the major 
portion of the oxygen is conducted 
through a quick opening valve to the cut¬ 
ting orifice, from which it issues, as re¬ 
quired, at high velocity to cut the steel at 

which it is directed. 

For manual cutting a torch which can 
be readily manipulated by hand is used. 
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Modern torches are equipped with sepa¬ 
rable tips in which the oxygen-cutting jet 
is surrounded at a proper distance by the 
preheating flames (see Fig. 3). Tips of 
different sizes may be readily inter¬ 
changed in the head of the torch to pro¬ 
vide a range of orifice sizes, intensities 
and disposition of preheat flames as re¬ 
quired to meet different cutting conditions 
and to provide the maximum amount of 
flexibility in the application of the torch. 
For example, for rusty or scaly steel a 
tip furnishing a heavy preheat would be 
selected, yet it can be installed in a stand¬ 
ard cutting torch thus increasing the ver¬ 
satility of the torch. 

Torches are of two types: first, those 
in which the preheat fuel and oxygen 
for the heating flames are mixed in the 
tip, called a mixer type ; and second, those 
in which the mixing takes place in the 
head or at some location back of the head, 
as for example, in the body of the torch. 
This latter type is designated as a torch 
of the premixed type. If both the oxy¬ 
gen and fuel gas are under appreciable 
pressure the torch or blowpipe is des¬ 
ignated as a positive pressure torch and 
when the fuel gas is at a lower pressure, 
generally a fraction of a pound per square 
inch, and supplied to the flames through 
the aid of an injector, the torch is des¬ 
ignated as a low-pressure or injector 
torch. 

The torch is connected to the gas sup¬ 
ply by hose lines of sufficient size to con¬ 
duct the volume of gases necessary for 
the cutting operation without excessive 
pressure drop. The hose lines are in turn 
connected to the outlet of the two pres¬ 
sure regulators (one for the fuel gas and 
one for the oxygen), which in turn are 
connected to the respective gas supplies, 
which may be from pipe line, manifold or 
cylinder. (Small portable acetylene gen¬ 
erators are used for small installations as 
a source of acetylene supply.) 

Machine 

Oxy-acetylene shape-cutting machines 
can be divided into two classes : portable 
and stationary. As the name implies, the 
portable machine may be taken to the 
work, while the stationary type is fixed 
in location and is generally served by a 
crane. 

Portable machines are used predomi¬ 
nantly for straight line cutting, although 
they can be adapted for circular cutting. 


The carriage supports the torch in an 
adjustable mounting, and is driven by 
an electric motor. Usually the machine 
travels on a straight section of track, 
which performs the function of guiding 
the torch along the line of the cut. The 
electric motors used for these machines 
are capable of adjustment over a wide 
range of speeds so that uniform speeds 
of travel may be realized, and so that the 
particular speed required for the cutting 
operation may be selected. For these ma¬ 
chines the degree of precision longitudi¬ 
nally along the line of the cut depends 
mainly on the accuracy of the guide rails 
as well as upon the clearances of the 
operating mechanism. These machines 
find wide use in the preparation of plate 
for welding, since the torch can readily 
be adjusted to cut a bevel, as well as to 
make a square cut; also for ripping plate, 
and other purposes requiring a straight- 
line cut. 

The stationary type of cutting machine 
is designed on two general mechanical 
principles. One is the pantograph de¬ 
sign, while the other employs a cross¬ 
carriage mechanism. Both designs can 
cut regular or irregular shapes of prac¬ 
tically any complexity and of almost any 
size. These machines mount as many as 
six torches and are used to cut the same 
number of identical shapes simultaneously 
on a production basis. They are motor 
driven, and are designed to follow an out¬ 
line, or template, of the part to be cut. 
The tracing device may be manually 
guided around the outline of a drawing 
of the part, or a tracer may be used that 
follows a vertical strip, shaped to size 
and similar to a cookie cutter. A mag¬ 
netic tracer having a magnetized roller, 
which adheres to and follows a steel tem¬ 
plate automatically is used on some ma¬ 
chines, while a further refinement is an 
electronic tracing device, in which a 
spot of light automatically traces the out¬ 
line of a drawing of the part to be cut. 

To extend the usefulness of all cutting 
machines, beveling devices may be used 
as auxiliary equipment. These torches 
are attached to either the carriage of a 
portable machine, or are mounted in 
place of the torch on a stationary type. 
Their main use is for the edge prepara¬ 
tion of heavy plate, where a double bevel 
or double bevel and root face are re¬ 
quired. With the beveling device the 
two bevels and root face may be cut in 
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one operation with considerable saving in 
time and labor. 

Auxiliary Equipment 

The auxiliary equipment used in both 
manual and machine cutting consists of 
the apparatus necessary to conduct the 
gases from the supply source to the point 
of application, i.e., the torch. 

The regulators used for cutting opera¬ 
tions are essentially similar to those used 
for welding operations, and which are 
described in Chapter 4 of this Handbook. 
In fact, for light cutting operations, es¬ 
pecially those in which a cutting attach¬ 
ment is used with a standard welding 
torch, identical regulators would be em¬ 
ployed. However, for the majority of 
cutting operations the oxygen consump¬ 
tion is large, making it essential to use 
a regulator capable of supplying large 
flows at the correct pressure. 

Hose should be selected having a ca¬ 
pacity large enough to handle the volume 
of gases without undue pressure drop. 
Hose should be maintained in good con¬ 
dition at all times, and damaged or 
abraded hose should be scrapped im¬ 
mediately and replaced. Long lengths of 
hose are to be avoided wherever possible, 
and couplings and other restrictions in 
the line should be kept to a minimum to 
eliminate the pressure loss through them 
and to avoid the possibility of gas leaks 
at the joints. The hose should be firmly 
attached to the torch using standard hose 
glands and nuts. 

For heavy cutting where exceptionally 
high gas flows are encountered, or for 
an extended job requiring uninterrupted 
cutting, it may be necessary to manifold 
the gas cylinders to provide an adequate 
gas supply. For large cutting machines 
equipped with several torches, manifolds 
are essential, or the gas supply may be 
from pipe lines, in turn supplied from 
acetylene generators and a bulk oxygen 
delivery system. 

For the flux injection and the powder¬ 
cutting processes used for cutting mate¬ 
rials of poor cuttability, described in some 
detail later in this chapter, auxiliary 
equipment for introducing the flux or 
powder into the cutting area is required. 
One style of equipment consists of a 
pressurized hopper which holds the flux 
or metallic powder and by a vibrating 
unit dispenses it at a metered rate into 
the cutting-oxygen stream in which it 


is entrained and thus carried through the 
torch where it issues directly into the 
kerf along with the cutting-oxygen 
stream. In another system the powder is 
dispensed from the hopper by an ejector 
and is carried, entrained in a separate 
carrier gas stream, through a separate 
hose to the torch and tip where it is 
mixed with the cutting-oxygen stream, 
and is thus directed into the area of cut¬ 
ting action. 

COMMON APPLICATIONS 

Manual Cutting 

Manual cutting, in which the cutting 
torch is held and guided along the work- 
piece by the operator, was the first 
method of application of the oxygen-cut¬ 
ting process, and even today it constitutes 
one of the principal means of applica¬ 
tion. For manual cutting, the torch is 
held firmly with the right hand gripping 
the handle in such fashion to permit 
operation of the cutting-oxygen lever or 
trigger by the same hand, the left hand 
being used to steady the torch head and 
maintain the relative position of the tip 
with respect to the work. Hence, suc¬ 
cessful results depend mainly upon opera¬ 
tor skill and proficiency in guiding the 
torch correctly while maintaining the 
proper forward motion. However, the 
operation is relatively simple, and a con¬ 
scientious workman can become a com¬ 
petent cutting operator with a minimum 
of practice. Practice alone is the only 
means by which an operator can acquire 
the skill necessary to hold the torch at 
right angles to the work yet at a constant 
distance from it and at the same time to 
advance the torch steadily without wav¬ 
ering along the line of the cut. Careful 
observation of the cutting action, and 
particularly of the slag flow and drag, 
enables the operator to correct abnormal 
conditions while the cut progresses. 

In addition to the purely manual proc¬ 
ess in which the torch is held and guided 
by hand, manual cutting also includes 
those operations in which an auxiliary 
device is employed to help guide the 
torch and maintain the tip separation 
from the work. The simplest of such 
guiding mechanisms is a straight bar or 
straight edge along which the torch head 
is drawn for straight line cutting. An¬ 
other device employed for a similar pur- 
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pose consists of an assembly with two 
small wheels which attach to the torch 
head. In operation the wheels rest on 
the surface of the work, and can be 
rolled along the line of the cut. A more 
specialized device is the circle-cutting 
attachment, which consists of a radius 
rod clamped to the torch head, and a 
center point which may be adjusted for 
the radius of the circle to be cut. The 
center point is located in a punch mark 
on the plate, and the torch is then guided 
around this center at a constant radius. 
By such means circles may be cut with 
good accuracy. 

In all oxygen cutting, many variables 
affect the adjustment of the operating 
pressures and speed of travel. In manual 
cutting one of the important factors diffi¬ 
cult to evaluate is that of operator skill. 
Items such as the equipment being used 
and its condition, the thickness, analysis 
and cleanliness of the material being cut, 
will all influence the pressure settings and 
speed of travel employed. However, as 
a rough guide for mild steel, not pre¬ 
heated, Table 2 may be used for the 
initial adjustments, and final adjustments 
may be made based on experience with 
the actual operation. 


instance, a fairly wide range of oxygen¬ 
cutting pressures has been given. It must 
be realized that these values are based 
upon average practice. If long lengths 
of hose are used, or if restrictions in the 
form of couplings are placed in the line, 
the required pressures will be affected 
markedly. 

Machine Cutting 

The obvious advantage of mechanically 
guiding the cutting torch was early rec¬ 
ognized as a means for improving the 
results of oxygen cutting. By mechaniz¬ 
ing the operation as far as practicable it 
has been possible to reduce the human 
factor, which is one of the most serious 
variables affecting the quality of the cut. 
By using machines to move and guide 
the torch the operator can devote his 
attention to the observation of the cut¬ 
ting operation and can adjust the ma¬ 
chine as necessary. It is thus only neces¬ 
sary with the more fully automatic ma¬ 
chines for the operator to watch the drag 
and the flow of slag to be sure the 
oxygen stream docs not pocket and that 
the speed is correct to produce the de¬ 
sired smooth cut face. Thus, it has 
been possible to put oxygen cutting on a 


Table 2—Data For Manual Cutting of Clean Mild Steel (Not Preheated) 


Thickness 
of Steel, 

In. 

Diameter of 
Cutting Orifice, 

In. 

Oxygen 

Pressure, 

Psi. 

V* 

0.0200-0.0400 

1 5-30 

Vi 

0.0310-0.0595 

11-20 

3 /s 

0.0310-0.0595 

17-30 

V* 

0.0400-0.0595 

20-31 

V* 

0.0465-0.0595 

24-35 

1 

0.0465-0.0595 

28-40 

IV* 

0.0595-0.0810 

30-45 

2 

0.0670-0.0810 

22-50 

3 

0.0670-0.0810 

33-55 

4 

0.0810-0.0860 

42-60 

5 

0.0810-0.0860 

49-70 

6 

0.0980-0.0995 

36-80 

8 

0.0995-0.1100 

57-77 

10 

0.0995-0.1100 

66-96 

12 

0.1100-0.1200 

58-86 


Cutting ---Gas Consumption,-. 

Speed, Oxygen, Acetylene, 

In./Min. Cu. Ft./Hr. Cu. Ft./Hr. 


' fig 20-30 h i 18-55 6-9 

16-26 £1 37-93 7-11 

H 15-24 I 47-115 7-12 

m 12-22 66-125 10-13 

^ 12-20 117-143 12-15 

v. 9-18 130-160 13-16 

6-12 150-225 15-20 

6 13 J 85-231 16-20 

4-10 207-290 16-23 

4-8 235-388 20-26 

3.5- 6.4 281-437 20-29 

3.0-5.4 400-567 25-32 

2.6- 4.2 505-625 30-39 

1.9-3.2 610-750 36-46 

1.4-2.6 720-905 42-55 


Acetylene pressures have been omitted 
from the table above, since they depend 
mainly on torch and tip design rather 
than on external factors such as thickness 
of the material. It is therefore recom¬ 
mended that for specific acetylene pres¬ 
sure settings particularly, and also for 
oxygen pressure values, reference be made 
to equipment manufacturer’s charts for 
the apparatus being used. 

The figures quoted in Table 2 can only 
be taken as fair average values. For 


production basis, and the cutting ma¬ 
chines are now regarded in the same light 
as machine tools in that they are capable 
of producing high quality cuts with ac¬ 
curacy, dependability and economy. 

Cutting machines should be installed 
so as to avoid jarring and vibration dur¬ 
ing the cutting operation. The work¬ 
holding table should be constructed to 
hold the work without movement during 
the cut, and it should be designed to hold 
the scrap pieces to prevent their falling 
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and damaging the machine or endanger¬ 
ing the operator. If scrap pieces are 
allowed to fall, it is also conceivable that 
the machine or work-piece may be jarred, 
resulting in a poor cut. Adequate space 
around the machine is required for ease 
in loading and unloading the machine. 
The capacity of the gas supply system 
(manifolds or pipe lines, regulators and 
hose) should be considered to insure 
sufficient volume of gases at the required 
pressures to permit uninterrupted cutting. 

In machine cutting, some of the main 
factors which affect the quality of the 
cut have been eliminated, and generally 
more consistent results are obtained. 
Still, many variables remain; therefore, 
the chart of recommended pressures and 
consumptions in Table 3 should be con¬ 
sidered as giving only average values to 
be used as a starting point when select¬ 
ing settings for a particular job. A few 
trial cuts on the material should suffice 
to obtain the actual adjustments to be 
used. 


sents average practice. Pressures may 
vary considerably since restrictions in the 
line may require pressures different from 
those given to provide the gas volume re¬ 
quired. In general, pressures are usually 
reported for hose lengths up to about 25 
feet. For longer lengths of hose or for 
under- or oversize hose, pressures should 
be adjusted accordingly. 

Material thicknesses over 12 in. are in 
the range covered by heavy cutting, 
which is treated later on page 537. 

Multiple and Stack Cutting 

Oxygen cutting is not necessarily re¬ 
stricted to a single torch per operator. 
In many applications of machine cut¬ 
ting as many as twenty torches are used 
to cut a like number of identical shapes 
simultaneously, thereby effecting consid¬ 
erable economies. Cutting by this 
method is greatly facilitated by making 
use of a central control station for con¬ 
trolling the gas and oxygen supply to 
each of the torches. Concentric circles 



Table 3—Data for 

Machine Cutting 

of Mild Steel 

(Not Preheated) 


Thickness 
of Steel, 
In. 

Diameter of 
Cutting Orifice, 
Jn. 

Oxygen 

Pressure, 

Psi. 

Cutting 

Speed. 

Tn./Min. 

--Cas Consumption,-» 

Oxygen, Acetylene, 

Cu. Ft./Hr. Cu. Ft./Hr. 

Vs 

0.0200-0.0400 

15-30 

22-32 

17-55 

5-9 

V4 

0.0310-0.0595 

11-35 

20-28 

36-93 

6-11 

3 /s 

0.0310-0.0595 

17-40 

19-26 

46-115 

6-12 

1 /2 

0.0310-0.0595 

20-55 

17-24 

63-125 

8-13 

3 /4 

0.0380-0.0595 

24-50 

* 15-22 

117-159 

12-15 

1 

0.0465-0.0595 

28-55 

14-19 

130-174 

13-16 

1 l /2 

0.0670-0.0810 

22-55 

12-15 

185-240 

14-18 

2 

0.0670-0.0810 

22-60 

10-14 

185-260 

16-20 

3 

0.0810-0.0860 

30-50 

8-11 

207-332 

16-23 

4 

0.0810-0.0860 

40-60 

6.5-9 

293-384 

21-26 

5 

0.0810-0.0860 

50-65 

5.5-7.5 

347-411 

23-29 

6 

0.0980-0,0995 

45-65- 

4.5-6.5 

400-490 

26-32 

8 

0.0980-0.0995 

60-90 

3.7-4.9 

505-625 

31-39 

10 

0.0995-0.1100 

70-90 

2.9-4.0 

610-750 

37-45 

12 

0.1100-0.1200 

69-105 

2.4-3.5 

720-880 

42-52 


In this table acetylene pressures have 
. been omitted, since these pressures are 
mainly a function of equipment design 
and are not directly related to the thick¬ 
ness of the material to be cut. It is sug¬ 
gested that for acetylene pressure set¬ 
tings, the charts of the equipment manu¬ 
facturer be consulted. 

It should be observed in comparing 
Table 3 with Table 2 that machine cut¬ 
ting has the advantage of being capable 
of higher speeds with substantially equal 
gas consumption, resulting in a decided 
economy. 

Pressures and flows given in Table 3. 
cover a fairly wide range which repre- 


for flanges and the like are cut in one 
operation, with two or more torches. 
Stationary type machines having a single 
tracing head following a drawing or 
template of the part and mounting the re¬ 
quired number of torches are universally 
used for multiple cutting operations. 

In addition to cuts made through a 
single thickness of material, oxygen cuts 
may be made through several thicknesses 
simultaneously (see Fig. 11). This 
operation is known as stack cutting and 
offers a means of cutting a number of 
plates simultaneously with a single 
torch, or even with a multiple torch ar¬ 
rangement for quantity production. 
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The plates in the stack should be clean 
and flat, with edges in alignment where 
the cut is started. The number of plates 
that make up the stack will vary accord¬ 
ing to the thickness of the individual 
plates to keep the stack thickness within 
proper limits. It should be remembered 
that the heavy preheat necessary to cut 
a thick stack may melt down the edges 
of the top one of a pile of these sheets. 


Because of the thinness or composition 
of some steel sheets, it is sometimes diffi¬ 
cult to maintain the cutting action. As 
an aid in preventing the loss of such cuts, 
use is often made of a waster plate. This 
plate is placed on top of the stack, and 
should be of a composition that may be 
readily cut. The waster plate should be 
of sufficient thickness so as to prevent 
the preheating flames of the torch from 



Fig. 11.—Stack Cutting 


It is essential that all of the plates or 
sheets in the stack be in intimate con¬ 
tact if acceptable cuts are to be obtained. 
To insure good contact the general prac¬ 
tice is to use some form of clamping de¬ 
vice for bringing the plates together 
along the line of the cut. The clamping 
device may be a mechanical device, or 
a pneumatically operated mechanism. In 
some instances the plates are welded to¬ 
gether instead of being clamped together. 
This method is usually restricted to 
stacks composed of thin sheets, and has 
the advantage that the cut can be started 
readily at the edge where the plates have 
been welded together. 


melting the edges of the uppermost sheet 
of the stack. When the cutting opera¬ 
tion has been completed, the waster plate 
is discarded. 

The flux-injection and powder-cutting 
processes have been found to be ideally 
suited for stack cutting plain carbon and 
low-alloy steel plates which, because of 
irregularities in their surfaces, could not 
previously be successfully stack cut. 
Also, the degree of clamping can be ap¬ 
preciably less, when using powder cutting, 
to overcome the effect of voids between 
plate surfaces on the cutting reaction. 

The question of whether to do stack 
or multiple cutting is largely one of the 
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economies involved. When the sheets 
become so large or so thick that clamp¬ 
ing costs are higher, multiple cutting 
provides a read}' answer. 

Lance Cutting 

The time-honored oxygen lance affords 
a method which may be employed for 
cutting any of the steels which may 
otherwise be cut only with difficulty or 
not at all. Ordinarily, the lance is sim¬ 
ply a length of black iron pipe with a 
valve and proper fitting on one end. A 
hose large enough to supply oxygen at 
a high rate of flow from a bank of oxy¬ 
gen cylinders, equipped with a pressure- 
reducing valve of suitable capacity is at¬ 
tached to the lance. A typical oxygen 
lance is illustrated in Fig. 12. It is not 


lene torch with a large size welding tip 
is usually employed. The lancing opera¬ 
tion is also sometimes started by drawing 
an arc between the lance and the work- 
piece. When the steel has been heated 
to a bright red, the end of the lance is 
brought against the heated area and with 
the operator at a safe distance and amply 
protected against flying particles of steel 
and slag, the oxygen lance valve is 
opened. Oxygen at pressure not over 
75 or 100 psi. is then directed against 
the heated area of the steel. Sufficient 
heat is liberated by the combustion of the 
end of the lance (i.e., the iron pipe), 
which has been ignited by the preheated 
portion of the work-piece, to continue the 
propagation of the cut and to permit oxi¬ 
dation of the steel to be cut. Such oxi- 



Fig. 12.—Lance Cutting 


necessary as a rule that the pipe be very 
large; in fact, even for quite heavy 
operations a pipe of l / t in. nominal pipe 
size is usually sufficient. In extreme 
cases a pipe of 3 / 8 in. size may be em¬ 
ployed. 

In order to start the operation it is 
usual to preheat the edge of the steel 
if a straight line cut is to be executed, 
or a localized region if a hole is to be 
pierced. For this purpose an oxy-acety- 


dation might not otherwise be possible 
because of the greater heat-input re¬ 
quirement for cutting such steel. Rather 
than heating the work to start the lanc¬ 
ing operation, it is the practice in some 
plants to heat the end of the lance by a 
torch or charcoal burner. Opening the 
oxygen lance valve slowly starts the 
burning at the end of the lance pipe. 
This is brought into contact with the 
surface to be lanced and, after burning 
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has extended to that surface, the oxygen 
valve is opened further to extend the re¬ 
action. 

A non-consumable lance is sometimes 
used in heavy cutting operations to fol¬ 
low the cutting torch and supply oxygen 
lower in the kerf. 

The end of the lance is so held in the 
cut or hole that the cutting-oxygen 
stream emerges in such a direction as to 
enlarge the cut or hole in the manner de¬ 
sired. The lance, of course, is slowly 
consumed during the operation, so that 
if the operation is greatly prolonged it is 
necessary to replace the lance pipe with 
a new length of pipe from time to time. 
Lancing operations are normally carried 
out in the horizontal plane to facilitate 
the flow of slag from the hole or kerf. 
It is also easier to handle the usual 20-ft. 
lengths of pipe in a horizontal position. 

Accordingly, and in order that the cut 
is not lost during change of lances, re¬ 
placement lances should be immediately 
available. In some instances it is desir¬ 
able to use extra heavy steel pipe or pipe 
loaded with steel rods or wires or alumi¬ 
num in the form of rods or shot in order 
to render the reaction more vigorous. 
Generally, however, the simple arrange¬ 
ment will be adequate. 

The use of the lance is not confined to 
the cutting of steel. It has been success¬ 
fully used for the piercing or cutting of 
nonferrous metals and even non-metals 
such as concrete vaults or foundations. 

Scrapping 

Scrapping is used extensively in demo¬ 
lition work where structural steel or ob¬ 
solete machines or vessels are to be de¬ 
stroyed. 

In general, no special equipment or tech¬ 
niques are required. A manual cutting 
torch is extensively employed for this 
work, while for very heavy sections the 
oxygen lance is used. In the demolition 
of very heavy ordnance material, man¬ 
ually manipulated, large machine-cutting 
torches have been successfully used. 
Since the main object of scrapping opera¬ 
tions is to reduce the steel in a struc¬ 
ture or machine to a convenient size for 
handling and disposition, careful manipu¬ 
lation to produce quality cuts is not 
essential. For scrapping work, speed of 
operation and convenience of handling 
are usually the main requisites. 
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Rivet Cutting 

An oxygen-cutting torch with a tip de¬ 
signed for rivet cutting is often used in 
place of a chipping hammer for remov¬ 
ing the heads of rivets which must then 
be punched out. Technique is of para¬ 
mount importance, since it is essential 
that the head of the rivet be cut without 
damage to the plate itself. Rivet cutting 
technique is the result of care, diligence 
and practice and it must be learned by 
experience. Suffice it to say, that an ex¬ 
perienced operator in rivet cutting can 
remove rivets rapidly without harming 
the plate or altering the original rivet 
hole. 

Heavy Cutting 

Heavy cutting, defined arbitrarily as 
the cutting of steel having a thickness 
greater than 12 in. and ranging upward 
of 48 in. or more, has been successfully 
accomplished in the past but usually 
with uncertain results. Recent studies 
of the fundamental factors involved have 
done much to clarify this phase of oxy¬ 
gen cutting and have resulted in putting 
these applications on a concrete, scientific 
and predictable basis. Heretofore, heavy 
cutting was considered more or less of 
an art to be practiced only by the ini¬ 
tiated, with chances of success so prob¬ 
lematical as to make it uneconomical. 

Results of extensive technical studies 
under conditions that could be carefully 
controlled have shown that heavy cutting 
can be repetitively done with operating 
conditions properly interrelated, on this 
basis of fundamentals which are not par¬ 
ticularly different from those applying to 
the cutting of ordinary thicknesses. 
However, the factors affecting cutting 
must be understood, and greater atten¬ 
tion must be given to those signs visibly 
indicating correct or faulty cutting con¬ 
ditions. 

One of the important points to realize 
is that contrary to generally accepted 
belief, high pressures are not required 
for heavy cutting. Nor is it necessarily 
true that with increased thickness of the 
section, the cutting-oxygen pressure must 
be very greatly increased. Analysis of 
test results obtained from many hundreds 
of heavy cuts has indicated that oxygen 
flow is the controlling factor, and tha 4 
tip size and operating pressure are in- 
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only in so far as these values 
must be such as to provide the necessary 
flow required for the thickness being cut. 
Cutting-oxygen pressures, measured at 
the entry to the cutting orifices, of the 
order of 7 to 50 psi. have been found 
adequate for the heaviest cutting at¬ 
tempted (upward of 48 in.) provided the 
tip and equipment are correctly selected 
for the job. Realization that the pres¬ 
sure at the torch entry is the pressure of 
paramount importance in comparing re¬ 
sults of different heavy cutting opera¬ 
tions, is a necessary requisite to obtain 
the correct perspective in this work. In 
the past, measurements of pressures in¬ 
dicated at the regulator, or at some point 
removed from the torch, without regard 
to restrictions nearer the tip, have led 
to much of the confusion existing in 
previous operations and have resulted in 
failure to obtain comparable results at 
different times when the conditions were 
not exactly duplicated. By predicting 
performance on the basis of flow, rather 
than of pressure, heavy cutting data can 
be resolved along clearly defined lines. 


may be used as a starting point in select¬ 
ing the correct equipment and operating 
conditions, while the actual values for 
efficient operation on a particular job can 
only be obtained by trial and experi¬ 
mentation. 

Recommendations as to the speed of 
travel are not included in Table 4, but 
speeds between 2 and 6 in. per min. are 
realized in the range of thicknesses 
covered. A speed of 3 in. per min. is 
possible for thicknesses up to at least 36 
inches. The correct speed is obtained by 
observing the operating conditions care¬ 
fully and making adjustments accord¬ 
ingly when the actual cutting is in 
progress. 

Techniques for starting the cut differ 
from those used with thinner material. 
The start of the reaction is materially 
slower, but the reaction once started is 
more marked and spectacular. Sufficient 
time is required to permit the action to 
become stabilized. Figure 13 indicates 
some of the correct and incorrect start¬ 
ing conditions to be observed. Sketch A 
is the desirable starting position with 



Table 4—Data 

for Heavy Cutting 


Thickness 

r o a 1 T 

Oxygen Flow, 

Diameter of Cutting 

Cutting-Oxygen Pressure 

of Steel, In. 

Cu. Ft./Hr. 

Orifice, In. 

at Torch, Psi. 

12 

1000-1500 

0.147-0.221 

26-56 

16 

1500-2000 

0.1935-0.290 

25-49 

20 

1500-2500 

0.200-0.221 

25-48 

24 

1600-3000 

0.221-0.332 

22-48 

28 

2400-3500 

0.230-0.400 

18-44 

32 

2600-4250 

0.250-0.450 

16-40 

36 

3000-4600 

0.290-0.500 

12-38 

40 

3400-5000 

0.330-0.550 

10-33 

44 

3800-5500 

0.375-0.550 

9-29 

48 

4500-6000 

0.422-0.600 

7-27 


In terms of flow it has been found 
possible to arrive at a rough demand 
constant which will be useful as a 
guide in selecting equipment suitable for 
a given job. Different sources give 
varying constants, but in terms of thick¬ 
ness measured in inches, these demand 
contants usually fall within a range of 
from 80 to 125 cu. ft. per hr. per inch 
of thickness (80T to 125T, where T is 
in inches of thickness). Table 4 gives the 
range of operating conditions that cover 
normal heavy-cutting operations. In 
using these data it must be clearly under¬ 
stood that the data obtained from the 
table may not be entirely suitable for all 
heavy cutting operations, although these 
values have been used successfully. It 


the molten zone extending down the 
face of the material rather than on the 
top. Sketches B, C, D, E and F are the 
result of incorrect procedure, and are 
self-explanatory. 

With ideal finishing conditions, it is 
possible to achieve drop cuts without re¬ 
course to special techniques. Figure 14 
illustrates finishing conditions for heavy 
operations, with the desirable situation 
for producing a drop cut depicted at A. 

In general, the necessary conditions for 
successful heavy cutting on a production 
basis are: (1) an adequate gas supply 
on hand, sufficient for the job; (2) equip¬ 
ment of sufficient size, both structurally 
to handle the heavy loads imposed and of 
sufficient capacity to handle the range of 
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speeds and gas flows necessary; (3) and, 
most important, skilled personnel trained 
in the proper techniques for heavy cutting. 

The first item is important to insure 
completion of the job without interrup¬ 
tion due to having insufficient gas capac¬ 
ity available. Not only must the gas 
source be adequate, but the pipe lines and 
station drops and regulation equipment 
must be of a size suitable for the gas 
flows to be handled. Reference to Table 
4 will indicate that the gas flows for 
heavy cutting are extremely large and 
the maximum momentary loads are 
likely to be even heavier. All unneces¬ 
sary restrictions in the gas supply lines 
should be carefully avoided. 


altered during the cutting operation to 
compensate for changing conditions. 

Torches must be constructed with a 
minimum of internal restrictions to the 
gas flow. For cutting materials up to 
about 20-in. thick, torches having the 
valves attached are usually satisfactory, 
but for heavier work valveless torches 
should be used. These permit the loca¬ 
tion of large valves away from the heat 
of the cutting operation. Torch gas 
capacity for very heavy cutting should 
be in the neighborhood of 5000 cu. ft. per 
hr. for cutting oxygen and 300 cu. ft. per 
hr. each for preheat oxygen and acety¬ 
lene. 

Tips are also an important considera- 
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Fig. 13.—Starting Conditions for Heavy Cutting 


The cutting equipment and machines 
also must be selected for the particular 
job under consideration. The machines 
used to carry the cutting torches must 
be sufficiently massive and of wide gage 
to carry the heavy loads of the cutting 
torches and the supply hoses, and should 
be properly counterbalanced where neces¬ 
sary. These precautions are essential for 
safety of the operating personnel. The 
machines must be capable of maintain¬ 
ing a uniform speed, and be geared to 
provide a minimum constant speed down 
to 1 in. per min. or less. They must also 
be readily adjustable so the speed can be 


tion. The correct design of the preheat 
flames for heavy cutting is essential for 
success. Preheat flames must be rela¬ 
tively large, otherwise complete penetra¬ 
tion of the cut will not he obtained and 
excessive drag will be observed. 

One of the major items for successful 
heavy cutting is trained personnel, who 
are thoroughly familiar with the equip¬ 
ment and its control and who have no 
hesitancy about attempting heavy-cutting 
operations. The operators should be 
trained to be painstaking and exact in 
their work, and to make accurate setups, 
and alignments. A misalignment of a 
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traction of an inch, which would be of 
no consequence in ordinary cutting, can 
become so exaggerated when dealing 
with sections 48 in. in thickness that an 
expensive piece of steel may be ruined. 


saws and slicers and without disturbing 
the mill cycle. Such location for the cut¬ 
ting-oxygen apparatus is particularly ad¬ 
vantageous when dealing with high-car¬ 
bon or alloy steels which from metal- 
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Fig. 14.—Finishing Conditions for Heavy Cutting 


The well-trained operator will be able 
to initiate a cut with full realization of 
the problems to be encountered and be 
alert to make immediate adjustments to 
compensate for altering conditions. Be¬ 
cause normal cutting hazards are greatly 
magnified in heavy cutting, the operator 
should wear proper clothing and pro¬ 
tective devices. 

Cutting at Elevated Temperatures 

Unprecedented demands for greater 
production, mainly in the steel industry, 
have led in recent years to the utiliza¬ 
tion of oxygen cutting for severing steels 
at elevated temperatures. These tem¬ 
peratures, about 1500 to 2000° F., are 
considerably higher than preheating tem¬ 
peratures necessary for cutting high-car¬ 
bon steels. Hot cutting is used to good 
advantage directly in the rolling line, 
where the high speeds inherent in the 
process permit its use in place of shears, 


lurgical considerations would normally 
require preheating before cutting. Its 
use increases production, and can effect 
measurable economies. 

High-speed cutting at elevated tem¬ 
peratures requires gas flows consider¬ 
ably greater than those used for cold cut¬ 
ting of materials of equivalent thickness. 
Cutting equipment (machines, torches 
and regulators) are required of sufficient 
size to handle the flows normally re¬ 
quired for hot cutting. The gas supply 
must he unimpeded, and large supply 
lines and large hoses without unneces¬ 
sary restrictions between the regulatory 
point and the torches should be specified. 
Care should be taken to assure that the 
gas supply is adequate, and that peak 
loads on the piping system at some other 
point will not influence the supply to the 
cutting location. Torches, as in the case 
of those used for heavy cutting, should 
be selected with due consideration to 
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their capacity and to the absence of re¬ 
stricting elements to the flow of gas 
which if present may be a source of tur¬ 
bulence. All equipment including the 
torch and its suspension are required to 
be water cooled. When laying out a 
hot cutting operation, proper attention 
should be directed toward providing ade¬ 
quate safeguards to protect the operat¬ 
ing personnel from the intense heat and 
to guard against injury from flying slag 
and scale. 

Oxygen cutting at elevated tempera¬ 
tures follows the same general principles 
that apply to cold cutting, and tolerances 
and quality of cut can be obtained in a 
similar degree as in cold cutting, pro¬ 
vided the highest speeds are not required. 
With a sacrifice in quality, severance 
drop cuts* may be obtained at high 
speeds. However, careful study of a 
particular problem is required to arrive 
at an economical cutting speed in rela¬ 
tion to the gas flows involved. The eco¬ 
nomical speed is not necessarily the 
maximum cutting speed obtainable. The 
increase in speed to the maximum pos¬ 
sible does not at all times compensate for 
the increased cost for the gas flows that 
are necessary. Before contemplating a 
hot cutting operation on a production 
basis, studies of the economic factors 
should be made and the reader is referred 
to the technical literature on this subject 
listed in the bibliography at the end of 
this Chapter. 

While a complete discussion of hot 
cutting is beyond the scope of this chap¬ 
ter, some of the factors and possibilities 
of the process are summarized in the fol¬ 
lowing paragraphs. 

For hot-cutting work, tips of both the 
divergent cutting-oxygen orifice type and 
the standard, straight drilled orifice type 
are used. To increase speed by increas¬ 
ing the gas flow, it has been found from 
fundamental studies of the subject that 
it is preferable to use a tip with a larger 
orifice rather than to increase the oxygen 
operating pressure. For any given tip 
there exists an optimum flow rate giving 
the maximum speed; any larger flow 
caused by increased pressure with the 
same tip leads to a definite loss of speed. 

In hot cutting, two distinct types of' 
cutting are possible—quality cutting and 

A severance cut, as opposed to a quality 
cut, is one in which the cut surfaces are no 
longer plane and parallel. 


severance cutting. Quality cuts at ele¬ 
vated temperatures can be made which 
are the equivalent in finish and dimen¬ 
sional tolerance of quality cuts on cold 
material of the same thickness, but at 
faster cutting speeds. Figure 15 shows 
this difference between cutting speeds for 
quality cuts on cold material and similar 
cuts on the same material made at one 
particular elevated temperature. 

For severance cuts at elevated tem¬ 
peratures much larger increases in speed 
are realized (at the expense of the qual¬ 
ity of the cut) over those obtained on 
cold material. For many applications, 
quality is not of major importance, and 
the advantages to be gained by increased 
cutting speed make severance cutting at 
elevated temperatures advantageous. 

Ratios of oxygen to acetylene of 15 or 
18 to 1 are best for producing quality 
cuts; ratios of 20 or 25 to 1 are best for 
severance cuts. (The oxygen in both 
these cases includes both cutting and pre¬ 
heat oxygen.) However, economic con¬ 
siderations will be a deciding factor in 
selecting the optimum oxygen-acetylene 
ratio. Other factors to be considered 
more in hot cutting than in cutting at 
room temperatures are torch angularity, 
and height from tip to work. Certain 
studies on 6 -in. material indicate that, 
with torch tip inclined forward in the 
direction of travel about 2 deg. from the 
perpendicular, maximum cutting speed is 
obtained. A distance of approximately 
1 1 /4 to 2 in. from the steel to the tip 
gives best results. Such a distance 
minimizes disturbances caused by foul¬ 
ing of the tip by slag or scale, and at the 
same time reduces melt-down of the 
upper edge of the kerf. 

Both standing starts and running starts 
are possible with the hot-cutting process. 
Standing starts are commenced immedi¬ 
ately after the tip has been positioned 
and the cutting oxygen is turned on. The 
few seconds required to position the tip 
are ample for preheating. Care must be 
taken, however, to position the tip so 
that the cutting-oxygen jet at the start 
does not impinge on the surface over 
one quarter its diameter. Otherwise, 
fouling of the tip and the formation of a 
shelf partway down the face of the cut 
are likely to occur. 

Running starts can be accomplished at 
speeds below those used for standing 
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starts. However, additional heat in the 
form of auxiliary preheat or by intro¬ 
ducing iron powder through the tip, may 
be required to accomplish these results, 
depending to some extent on the shape 
factor and on the temperature of the ma¬ 
terial. 


gradient. The cut edge shows evidence 
of a slight decarburization, mainly in the 
areas immediately under the preheat 
flames. Micrographs show that grain 
growth along the cut surface is not ap¬ 
preciable. Hot cutting with correct pro¬ 
cedure results in a perfectly sound ma- 



Fig. 15.—Cutting Speed 
as a Function of Thick¬ 
ness for Basic Cutting 
Tip; Square-Corner, 
High - Quality Drop 
Cuts and Standing 
Starts 

(SAE 1020; Room and 
1800°F. Cutting Tem¬ 
pera tu res) 


The temperature at which hot cutting 
is done affects the speed of the operation 
and is associated with troubles that may 
be encountered. Researcli in this phase 
of the subject presently indicates that 
shelving and other difficulties are more 
pronounced at temperatures below about 
1700° F. Above the upper critical point 
of a specific material, difficulties are 
minimized. The effect of temperature on 
cutting speed is shown in Figs. 16 and 17. 

Carbon content of the material lias a 
marked effect on cutting speeds. Maxi¬ 
mum speeds for both quality and sever¬ 
ance cuts are obtainable in steels contain¬ 
ing about 0.75% carbon. Speeds de¬ 
crease markedly with any variation of 
this particular carbon content. Effects 
of alloying elements are not considered 
in this discussion. 

Metallurgically, hot cutting results in 
a cut surface free of carbon enrichment, 
and with a scarcely perceptible hardness 


terial with a normal structure with no in¬ 
dication of thermal checking or other un¬ 
desirable features. 

Surface scale of appreciable thickness 
will necessitate operation at lower speeds 
and may require additional preheat to 
effect the cut. The presence of tightly 
adhering surface scale not only influences 
the cutting speed, but also may result in 
shelving and excessive drag, which in 
severe cases may result in leaving the 
starting corner uncut. 

Kerf widths obtained for quality cuts 
at elevated temperatures can be prac¬ 
tically identical with those for cold cut¬ 
ting, provided proper cutting tips are 
used. Quality cuts at elevated tempera¬ 
tures can be made with preheat con¬ 
trolled to a degree such that melt-down 
of the upper edge is no more pronounced 
than in cold cutting. Severance cutting 
at elevated temperatures on the other 
hand results in a noticeable melt-down. 
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However, for severance cuts this factor 
is usually negligible. At the tempera¬ 
tures employed in hot cutting, the te¬ 
nacity of slag and scale is strongly 
marked. 

Cutting of Materials of Poor Cut- 

ability 

In the discussion of the effects of al¬ 
loying elements on the cuttability of var¬ 
ious materials, it was noted that certain 
alloys develop high resistance to the ac¬ 
tion of the cutting-oxygen stream, mak¬ 
ing it difficult or sometimes impossible to 
propagate the cut without resort to spe¬ 
cial techniques. One such technique for 


jections to the practice of employing 
waster plates, and to extend the use of 
oxygen cutting to materials not sus¬ 
ceptible to such techniques, attention has 
been directed in recent years to the de¬ 
velopment of equipment for more efficient 
use on materials of poor cuttability. The 
strides that have been made have been 
noteworthy and it is now possible to cut 
many of the alloy steels which heretofore 
could only be cut by a melting action 
rather than by a true oxidation of the 
metal. One of the principal alloy groups 
to which the oxygen-cutting process has 
thus been extended is the chromium irons 
and stainless steels. 



improving the cutting action on an al¬ 
loy steel difficult to cut by the usual 
procedure is to clamp a mild steel waster 
plate tightly to the upper surface, and to 
make the cut through both thicknesses. 
By such means there will be noticeable 
improvements in the cutting action, as 
the molten mild steel has the effect of di¬ 
luting or reducing the percentage of al¬ 
loying content. 

However, to overcome the obvious ob- 


For cutting these materials, it has been 
found necessary to introduce a powder or 
flux along with the cutting-oxygen 
stream in order to remove the oxides of 
the alloying elements which prevent the 
oxygen stream from reaching the iron 
and allowing the cutting action to pro¬ 
ceed. The high temperatures resulting 
from the use of an electric arc have also 
been combined with the use of oxygen to 
cut materials of poor cuttability* This 
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oxvgen-arc process is further explained 
in Chapter 25. 

There are two methods for accomplish¬ 
ing the cutting of these materials, both 
of which are similar in the respect that 
a powder or flux is directed into the cut¬ 
ting area. In one process finely divided 
iron powder is used, being directed into 
the cutting stream through orifices ad¬ 
jacent to the regular cutting-oxygen jet 
of the tip. The second process makes 
use of a nonmetallic powdered flux which 
is introduced into the cutting-oxygen 
stream and is thus introduced to the cut¬ 
ting zone. 


cutting oxygen therefore can act directly 
upon the remaining iron in the steel. It 
is also thought that the iron oxide par¬ 
ticles liberated in the burning of the iron 
powder create a fluxing action on the 
chromium component of stainless steels. 
The iron-powder method is used success¬ 
fully on the chromium irons and stainless 
steels, and has been used with success on 
cast iron, copper, bronze and various al¬ 
loys with small ferrous content. 

The second method, known as flux-in¬ 
jection cutting, operates on a different 
principle. In this process, a nonmetallic 
compound is brought into contact with 



TEMPERATURE °F 

Fig. 17.—Cutting Speed as a Function of Temperature for High-Speed Severance Drops 


In the former method using iron 
powder, it is believed that the cutting 
action is accelerated by the fact that the 
iron powder introduced into the cutting 
area is readily oxidized liberating a large 
quantity of heat. This additional heat 
raises the temperature at the cutting face 
high enough to melt the refractory oxides 
which protect the steel from the action of 
the cutting oxygen. The refractory 
oxides in molten form can then be 
flushed from the cutting face and the 


the refractory oxides. The action can 
be thought to be of the nature of fluxing 
in which the nonmetallic compound 
unites chemically with the refractory 
oxides at the face of the cut, producing 
a slag of lower melting temperature 
which is washed and eroded out of the 
cut exposing the steel to the action o 
the cutting oxygen. Both methods have 
proved very successful for use in cutting 
chromium irons and stainless steels. 

Auxiliary equipment is essential to dis- 
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pense the fluxing material (flux or iron 
powder). A pressurized hopper is em¬ 
ployed to store the fluxing material and 
to introduce it uniformly and in the re¬ 
quired quantities. An injector or a mag¬ 
netic vibrator installed as a part of the 
flux hopper meters the correct amount of 
the fluxing material. From the hopper it 
is carried along, either with the oxygen 
stream, or separately through an addi¬ 
tional hose line, in this case being en¬ 
trained with a separate gas stream. 

The techniques used for flux-injection 
and powder cutting are essentially similar 
to those used for oxygen cutting of mild 
steel. The speed of cutting is similar to 
that used for a comparable thickness of 
mild steel. Success of the operation de¬ 
pends on the proper adjustment of the 
flux or iron powder flow in relation to 
the thickness of the material being cut, 
and likewise on the analysis of the ma¬ 
terial. It is therefore difficult to give 
generalized operating data, and it is sug¬ 
gested that recommendations of the 
manufacturers of the equipment be fol¬ 
lowed. However, any recommended ad¬ 
justments of the pressure and flux or 
iron powder flow should only be used as 
preliminary settings, and the actual set¬ 
tings to be employed should be obtained 
by making trial cuts on the specific ma¬ 
terial under consideration. 

Cast iron is classified as a material 
difficult to cut. While the iron-powder 
cutting process described above may be 
used with excellent results on cast iron, 
it is possible by employing the older 
techniques to cut cast iron with the ordi¬ 
nary cutting torch. 

The difficulty in cutting cast iron is 
brought about by the presence of rela¬ 
tively high percentages of graphitic car¬ 
bon, which by virtue of its free condi¬ 
tion offers some protection for the iron 
against oxidation, and which by reason 
of the large amounts present in cast iron 
will result in an appreciable CCX* pollu¬ 
tion of the cutting-oxygen stream, reduc¬ 
ing its reactivity before it reaches the 
iron itself (see section on Oxygen Pu¬ 
rity). Moreover, the fact that the melt¬ 
ing point of cast iron is less than that of 
the iron oxide means that the iron will 
tend to melt rather than to oxidize. It 
should be observed that in oxygen cut¬ 
ting of steel the melting point of the steel 
is higher than that of the oxide so that 
the steel beyond the immediate region of 


oxidation maintains its rigidity, and the 
oxide in a fluid condition is readily 
washed out of the cut by means of the 
cutting stream. In this manner a mini¬ 
mum quantity of iron must be removed, 
and there is a maximum opportunity for 
a relatively unpolluted oxygen stream to 
attack fresh regions. With cast-iron 
cutting this fortunate relationship is not 
realized. 



In view of these conditions it should 
be obvious that to cut cast iron success¬ 
fully the operation must, to an extent, be 
thought of as a melting operation in 
which the oxygen jet may be more valu¬ 
able as a physical eroding and washing 
agent than as a chemically active agent. 
Accordingly, in actual practice with reg¬ 
ular equipment the preheat for cast- 
iron cutting must be intense. Moreover, 
it is necessary that much heat be liber¬ 
ated deep in the cut. The former is ef¬ 
fected by using larger and more numer¬ 
ous preheat orifices for cast-iron cutting 
than for more normal cutting operations. 
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The latter is effected by adjusting the 
preheating flames so that combustion is 
completed in the lower levels of the cut. 
That is, a considerable excess of acety¬ 
lene is permitted in the preheating 
flames, as illustrated in Fig. 18, and this 
excess of acetylene unites with some of 
the oxygen of the cutting jet in the lower 
levels of the cut. 

If the oxygen jet is moved forward 
continuously as in the ordinary cutting 
operations, the jet itself will prevent the 
heat, liberated in the lower regions of 
the cut as just described, from being 
effective at the forward or active edge of 
the cut. Consequently, movements such 
as those illustrated by Fig. 19 are neces- 


Movement When Cutting Thin Cast Iron 



Movement When Cutting Heavy Cast Iron 



genewau direction 

Fig. 19.—Manipulation of Cutting Torch and 

Tip for Cutting Cast Iron 


sary in order that the intermediate and 
lower portions of the cut may be main¬ 
tained at the proper temperature, and in 
order also that the cut may be wide 
enough to prevent any possibility of the 
molten iron freezing in the lower levels. 

Underwater Cutting 

Repairing damage to piers and dry 
docks and cutting away damaged plates 
of ships below the water line requires a 
tool which can be used with facility by 
divers working in considerable depths of 
water. 

Underwater cutting should only be at¬ 
tempted by those fully qualified and com¬ 
petent in underwater work. The prob¬ 
lem is not only that of severing steel 


under water, but it also involves correct 
handling of all the diving gear, and thus 
is not to be attempted by anyone except 
those fully conversant with this difficult 
and hazardous work. 

The technique for underwater cutting is 
not materially different from that used in 
cutting steel in the open air, for the torch 
embodies the same features as a standard 
cutting torch. In the underwater-cutting 
torch, fuel gas and oxygen are mixed to¬ 
gether and are burned to produce the 
preheat flame, and a cutting-oxygen jet 
is provided to supply the oxygen to cut 
the steel. However, an additional fea¬ 
ture is required of the underwater-cut¬ 
ting torch, in that provision to maintain 
an air bubble surrounding the cutting tip 
is needed. The air bubble is maintained 
by delivering compressed air to the torch, 
and this compressed air is ejected around 
the tip, sheathing it in a bubble of air, or 
an artificially created atmosphere, in 
which the tip can function normally. 
Actually, the air shield is not necessary 
to keep the torch lit under water. All 
the elements necessary for combustion, 
fuel gas and oxygen, are delivered to the 
tip, and although the gas ratios are dif¬ 
ferent from those used in air, the tip 
would function under water if the air 
bubble were not present. The air shield 
does, however, serve the purpose of sta¬ 
bilizing the flame, and at the same time 
displaces the water from the cutting area 
permitting more efficient heating of the 
steel, since water is a far better con¬ 
ductor of heat than is air. 

The underwater-cutting torch is fur¬ 
nished with connections for three hoses 
to convey compressed air, fuel gas and 
oxygen. In addition, for controlling the 
air bubble and maintaining it in the re¬ 
quired position at the end of the cutting 
tip, a metal shield is attached at the end 
of the torch. The shield serves in a dual 
capacity. It controls the formation 
of the air bubble and also is made adjust¬ 
able so that the tip can be held at the 
correct distance from the work. This 
second feature is essential for under¬ 
water work where the torch is employed 
under adverse lighting conditions and in 
cumbersome diving suits that would pre¬ 
clude any possibility of use of a torch 
without means for mechanically, holding 
the torch at the optimum separation from 
the steel. Generally, slots in the shield 
are provided to allow the burned gas**s 
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to escape to the surface. A short torch is 
used to reduce the kick accompanying the 
release of the gas jet against the surround¬ 
ing water. 

Since underwater cutting is performed 
at varying depths, gas pressures must 
be greater than those used in cutting 
under atmospheric conditions and must 
be adjusted according to the depth at 
which the work is being performed. At 
a depth of only about 35 ft., water pres¬ 
sure equals 15 psi. Acetylene should not 
be used at pressures over 15 psi. Hydro¬ 
gen is, therefore, almost universally used 
for underwater work, because it can be 
compressed without danger, although the 
lower flame temperature of the oxy-hy- 
drogen flame is undesirable. Propane 
can be used in warm waters. 


the analysis of the material in order to 
evaluate to some degree the probable 
success of the operation and to deter¬ 
mine whether special equipment or tech¬ 
niques may be necessary. 

Carbon and Lozv-Alloy Steels .—Low 
carbon and mild steels (carbon content 
ranging up to about 0.25% C) are cut 
without any difficulty, and no special pre¬ 
cautions need be observed. This category 
includes the majority of structural steels, 
such as the steels used in building con¬ 
struction, shipbuilding, bridges and simi¬ 
lar engineering projects. 

Steels with a carbon content higher 
than 0.25% C and alloy steels, are suscep¬ 
tible to hardening, the hardenability in¬ 
creasing as the carbon or alloy content in¬ 
creases. Since the action of the cutting 



Table 

5—Underwater Cutting Pressures 



Water Pres¬ 

Compressed Air, 



Depth, Ft. 

sure, Psi. 

Psi. 

Hydrogen, Psi. 

Oxygen, Psi. 

10 

4.3 

35-60 

20-60 

80 

20 

8.6 

40-65 

25-65 

85 

30 

12.9 

50-70 

35-70 

90 

40 

17.3 

55-80 

40-80 

100 

50 

21.6 

60-85 

45-85 

105 

60 

25.9 

70-90 

55-90 

110 

70 

30.3 

75-100 

60-100 

115 

80 

34.6 

85-105 

70-105 

120 

90 

38.9 

90-110 

75-110 

125 

100 

43.3 

95-115 

80-115 

135 

125 

54.1 

115-125 

100-125 

145 

150 

64.9 

130-140 

110-140 

160 

175 

75.7 

145-155 

120-155 

175 

200 

86.6 

165-170 

135-170 

190 

225 

97.4 

180-185 

150-185 

200 


Representative figures for gas pres¬ 
sures used in underwater cutting are 
given in Table 5. As in all tables indi¬ 
cating recommended pressures, these 
figures must be regarded as approximate 
only, and should only be used as a start¬ 
ing point for correct pressure adjust¬ 
ment under the conditions of the par¬ 
ticular job. Air pressure will in general 
he adjusted to a value slightly less than 
that of the oxygen pressure to avoid in¬ 
terference with the cutting jet. 

Materials Which Can Be Cut 

The section on the Effects of Alloying 
Elements should be referred to in con¬ 
junction with this discussion. While it 
is obviously impossible to cover the vast 
number of steels commercially available 
to indicate the relative ease with which 
they may be cut, the following discussion 
should offer an indication of the results 
to be obtained. Before commencing any 
cutting operation it is advisable to know 


torch is essentially similar to a flame¬ 
hardening procedure with the metal at 
and near the cut being raised above its 
critical temperature and with the mass 
of metal adjacent to the cutting area 
serving as a quenching medium, harden¬ 
ing will result at the faces of the cut un¬ 
less special precautions are observed. In 
severe cases the hardening will also be 
accompanied by cracking resulting from 
the stresses set up during cooling. How¬ 
ever, by preheating the metal before com¬ 
mencing the cutting operations these 
difficulties can be minimized or overcome 
entirely. 

In general, plain carbon steels and low- 

alloy steels may be cut without undue 
difficulty. 

Stainless Steels .—Steels containing less 
than 5% chromium may be cut without 
too great difficulty provided the surface 
of the metal is clean. However, when 
the chromium content is increased be¬ 
yond this value, flux injection or iron- 
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powder cutting is required to obtain ac¬ 
ceptable results. These methods can be 
used to cut the chromium irons and steels 
as well as the stainless steels usually 
encountered in industry. However, as 
the chromium and nickel content of the 
alloy increases, it becomes more difficult 
to make quality cuts. The stainless al¬ 
loys, 18—8 (AISI Type 304) up 
through 25-20 (AISI Type 310) may 

all be cut by the iron-powder process, 
although much greater care is necessary 
to produce good cuts in the 25-20 mate¬ 
rial. Materials such as 35-15 may be cut 

with difficulty under carefully controlled 
conditions. 

Materials of Poor Cuttability .—Cast 
iron because of its graphitic nature is 
difficult to cut under ordinary operating 
procedure. However, by using special 
techniques, as described previously, it is 
possible to effect an acceptable cut. It is 
also possible to use iron-powder cutting 
with excellent results on cast iron. 

High manganese alloys (containing up 
to 14% Mn) are cut only with difficulty, 
and must be preheated for best results. 

The nonferrous alloys present special 
problems in cutting. Since they do not 
oxidize readily, the primary action of the 
cutting-oxygen stream cannot be utilized. 
The limited cutting action which is pos¬ 
sible when using a cutting torch on very 
light sections of nonferrous alloys is not 
a true oxidizing action, but rather a melt¬ 
ing and eroding action is responsible for 
the severing of the metal. The iron- 
powder method is used successfully to 
cut many of these materials. 

Fields of Application 

Oxygen cutting has become an ac¬ 
cepted tool in practically all the major 
construction industries using steel as the 
basic material. The facility with which 
it can be adapted economically to the cut¬ 
ting of steel of various thicknesses, and 
of intricate shapes, has resulted in its 
competing favorably with machine tools. 
In fact, oxygen cutting has supplemented 
many machine tools, or to a large de¬ 
gree supplanted them. It is used in many 
instances to remove excess metal quickly, 
reducing finishing operations to a mini¬ 
mum. Again in other cases, the cut 
made is of such precision that it is ac¬ 
ceptable without any additional machin¬ 
ing. 


In the same manner that welded fabri¬ 
cation has been substituted for more 
costly methods of construction, so oxygen 
cutting has provided a better, more eco¬ 
nomical and practical means for cutting 
parts and shapes to be fabricated from 
steel. Only a minimum inventory of steel 
plate and shapes is necessary to permit 
the production of a diversity of products. 
The advantages that lie in this fact alone 
make oxygen cutting desirable and profit¬ 
able. 

In the construction field, welded de¬ 
sign often requires that large structural 
shapes be fabricated by welding. ' The 
preparation of these shapes can be mate¬ 
rially aided by oxygen cutting. 

Steel mills make extensive use of oxy¬ 
gen cutting in all stages of mill produc¬ 
tion. Special machines are used for 
cropping billets and hot cutting the 
blanks and unfinished rolled sections. 

Other machines are employed to cut 
finished beam sections to size and to trim 
off the cropped ends. In the warehouse, 
oxygen cutting may be used to good ad¬ 
vantage to cut steel shapes to the cus¬ 
tomer’s specifications. 

Shipyards find wide use for oxygen 
cutting in preparing plate for welding, or 
for removing damaged steel for replace¬ 
ment in the case of repair work. Steel 
plate is not only cut to size by the proc¬ 
ess, but also where welded construction 
is used, the plate is beveled by the oxy- 
acetylene torch. 

Railroads in their repair shops and 
maintenance departments are large users 
of oxygen cutting. They make use of it 
also in their locomotive and car shops, 
and it is indispensable to their wrecking 
crews for clearing the right of way in 
case of a wreck. 

To the salvage and scrapping indus¬ 
tries oxygen cutting is an essential tool, 
permitting great savings in time and ef¬ 
fort. It is being used to demolish ob¬ 
solete structures, ships and equipment, 
reducing the steel to scrap which can be 
readily shipped back to the steel mills 
and used as raw material for future steel 
production. Many salvage operations, and 
especially underwater work, can only be 
accomplished with the use of oxygen 
cutting to remove debris and damaged 
sections, allowing repair work to be un¬ 
dertaken. 

The usefulness of oxygen cutting as a 
tool for emergency work has long been 
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recognized. Police and fire departments 
make good use of this process in rescue 
work, and, in general, emergency and 
safety crews connected with utilities and 
transportation services are equipped with 
cutting apparatus to enable them to effect 


quick removal of steel. The portability 
of oxygen-cutting equipment, and the fact 
that the cutting outfit and cylinders are a 
self-contained unit not requiring connec¬ 
tion to any utility facilities make oxygen 
cutting extremely useful for this service. 
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CHAPTER 25 


ARC CUTTING* 


FUNDAMENTALS OF PROCESS 

Definition and General Description 

Arc cutting is based on the con¬ 
version of electrical energy into heat 
within the confines of an electric arc 
maintained between the target and the 
electrode. This localized conversion, with 
a practical degree of control, is being 
utilized for arc cutting by three proce¬ 
dures, namely, the carbon-arc, metal-arc 
and arc-oxygen methods. 

(a) The carbon-arc method is the sim¬ 
plest of the three procedures employing 
the heat generated by the arc to melt the 
metal progressively to produce the cut. 

( b) The metal-arc procedure employs 
covered electrodes, which permit manipu¬ 
lation to accomplish the cut produced by 
the heat of the arc. 

(c) The arc-oxygen procedure em¬ 
ploys tubular electrodes, the arc serving 
to heat the metal to be cut to incandes¬ 
cence. The oxygen stream issuing from 
the bore of the electrode ignites the in¬ 
candescent metal and the kinetic energy 
of the oxygen stream expels the products 
of combustion and produces the cut. 

Principles of Operation 

Carbon-Arc Cutting. —Carbon-arc cut¬ 
ting is a progressive operation performed 
by maintaining a steady arc length and a 
suitable rate of progression. The use of 
direct current, straight polarity is pre¬ 
ferred for carbon-arc cutting for the fol¬ 
lowing reasons : 

(1) Higher heat is developed at the 

positive pole, which is the metal to be 

cut. 

* Prepared by a committee consisting of 
Bela Ronay, U.S. Naval Engineering Experi¬ 
ment Station, Chairman; T. L. Cahill, New York 
Naval Shipyard; H. C. Campbell, Arcos Corp., 
C. D. Cooper, Metal & Thermit Corp.; Charles 
Kandcl, Craftsweld Equipment Corp. 


(2) The amperage required to ob¬ 
tain comparable cutting rates is about 
10% higher with a.c. than with d.c. 

(3) The maintenance of a steady 
arc, which is essential for effective cut¬ 
ting, is practicable in a d.c. circuit only 
when the electrode is negative to the 
work, since a relatively small area is 
essential to maintain the hot cathode 
condition. 

Metal-Arc Cutting. —Metal-arc cutting 
is likewise a progressive operation em¬ 
ploying covered, metal-core electrodes 
and preferably performed using direct 
current, straight polarity. The principal 
functions of the electrode covering in 
metal-arc cutting are to serve as a di¬ 
electric, thereby permitting insertion of 
the electrode into the gap of the cut with¬ 
out short circuiting the sides of the elec¬ 
trode, and to act as an arc stabilizer, 
thereby concentrating the arc and inten¬ 
sifying its action. Effectiveness of this 
procedure in cutting heavy thicknesses is 
a function of manipulation of the E6010. 
E6012 and E6020 electrode types. Elec¬ 
trodes with coverings specially designed tc 
facilitate cutting, are also available. 

Arc-Oxygcn Cutting .—The arc-oxygen 
method is the third, and, in degree of its 
development, the latest procedure for cut¬ 
ting metals progressively. The tubular 
electrodes used in arc-oxygen cutting are 
covered with an inert matrix to permit 
insertion into deep gaps when necessary. 
Again direct current, straight polarity is 
preferred. The function of the metal or 
ceramic core of the electrodes is to con¬ 
duct current and maintain an arc of suffi¬ 
cient intensity to produce incandescence. 
By regulation of the oxygen pressure a 
sufficient volume of this gas is discharged 
through the arc to ignite the incandescent 
metal and to react with it; the kinetic 
energy of the excess oxygen removes the 
combustion products. 
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General Effect of the Use of Process 
on Materials Cut 

Metallurgical Effects .—The carbon- 
and metal-arc methods of cutting are 
essentially progressive melting proce¬ 
dures analogous to arc welding and in 
that respect the metallurgical effects pro¬ 
duced in the affected zones are compar¬ 
able to those which would occur in arc 
welding. Although the power input in 
arc cutting is usually higher than that 
normally employed in manual arc weld¬ 
ing, the speed of travel is much faster. 
The heat penetration is generally shal¬ 
lower than in oxygen cutting and, there¬ 
fore, there is a more pronounced quench 
effect. Metals which can be welded 
without requiring a postheat treatment, 
may be severed by arc cutting without 
detriment. Those grades of austenitic 
Cr-Ni steels which become sensitized to 
corrosion attack when shielded metal-arc 
welding is used are likewise adversely 
affected by arc cutting procedures. The 
power input rate employed in arc-oxygen 
cutting is lower than in carbon- or metal- 
arc cutting, and the metallurgical effects 
are, therefore, less pronounced. 

Physical Effects .—The physical effects 
of arc cutting are similar to those ob¬ 
tained in oxygen cutting. Cast-iron and 
medium-carbon low-alloy steels are apt 
to develop cracks ranging in extent and 
depth from microscopic to those detect¬ 
able by visual examination. In general, 
the extent and frequency of cracking is 
a function of the composition of these 
steels and also of the rate of power in¬ 
put. The higher the rate of power input, 
the lower is the cooling rate, and conse¬ 
quently, the lower the thermal stresses. 
Therefore, the occurrence of thermal 
fractures is minimized. 

Chemical Effects. — The chemical 
changes resulting from arc cutting are 
similar to those produced by arc welding. 
However, except for slight surface de¬ 
carburization in high-carbon alloys, the 
chemical changes are minor in compari¬ 
son with the metallurgical and physical 
changes discussed above. 

Wdrpage and Stress .—Under “Metal¬ 
lurgical Effects” it is stated that owing 
to the high power concentration obtained 
in arc cutting, heat penetration is shal¬ 
low. Accordingly, the volume of metal 
adjacent to the cut which is subjected to a 
high rise in temperature, is also less than 


in oxygen cutting. 

Since warpage is, in part, a function 
of the volume of metal raised to a higher 
temperature than that of the rest of the 
volume, distortion in arc cutting is less 
than in oxygen cutting. 1 his charac¬ 
teristic of arc cutting renders it par¬ 
ticularly suitable for cutting thin gage 
metal without undue warpage or buck¬ 
ling. 

MachinabUity .—Machinability ot low- 
carbon, mild steels and non-hardenable 
metals is not affected by any of the arc¬ 
cutting procedures. In cast-iron and 
high carbon steels, arc cutting may pro¬ 
duce slight surface decarburization. Gen¬ 
erally, this will not be of sufficient extent 
to reduce the hardenability of the base 
metal, and therefore the heat-affected 
zone will be characteristically hard and 
non-machinable. Likewise, in medium- 
carbon, low-alloy steels the heat effects 
of the cutting operation will generally 
cause hardening to such degree as to 
render the heat-affected zone unmachin- 
able. The heating and cooling cycle to 
which the faces of the cut are subjected in 
arc cutting amounts to a very severe 
quench. Any alloys with sufficiently high 
hardenability may be expected to be left 
in a non-machinable condition in the heat- 
affected zone after arc-cutting operations. 

Surface Conditions .—The surfaces ob¬ 
tained in arc cutting all thicknesses are 
generally rougher than in oxygen cut¬ 
ting. Whether or not the surfaces pro¬ 
duced by arc cutting are suitable for 
further fabrication after trimming by 
chisel or grinder depends on the intended 
application. A variety of metals can be 
satisfactorily welded after arc cutting 
followed by normal trimming. 

EQUIPMENT AND MATERIALS 

USED 

Equipment 

Carbon-Arc Cutting. — The power 
source for carbon-arc cutting is a d.c. 
welding generator, either the constant or 
the variable potential type. For currents 
up to 300 amp., air-cooled, carbon elec¬ 
trode holders are used. For currents in 
excess of 300 amp., water-cooled carbon 
electrode holders are desirable. 

Metal-Arc Cutting .—For metal-arc 
cutting the applicable power sources are 
much the same as for carbon-arc cutting 
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although a.c. power is oftened used. For 
metal-arc cutting in air, standard elec¬ 
trode holders are applicable, employing 
heavy-duty types for use with 3 /io-in. 
diam. and larger electrodes. For metal- 
arc cutting under water, specially con¬ 
structed, fully insulated electrode holders 
are mandatory; straight polarity must be 
used to protect the holders and the metal 
parts of the diver’s outfit from electro¬ 
lytic corrosion. 

Oxy-Arc Cutting .—The same power 
sources are also applicable for oxy-arc 
cutting. Oxy-arc cutting may also be 
performed using a.c. welding transformers. 
The electrode holders employed for oxy- 
arc cutting in air and under water are 
not necessarily interchangeable, unless so 
designed. Those intended for use for 
underwater cutting must be fully insulated 
and must be equipped with a suitable 
flash-back arrester. These safeguards are 
also desirable for oxy-arc torches in¬ 
tended for use in air only. 


Table 1—Current Values for Various Sizes of 
Graphite Cutting Electrodes 


Electrode 

Diameter, In. Current, Amp. 


Vi 

Up to 200 

3 /« 

200- 400 

Va 

300- 600 

B /s 

400- 700 

3 /i 

600- 800 

Vs 

700-1000 

1 

800-1200 


Auxiliary Equipment 

Carbon-Arc Cutting .—For certain spe¬ 
cial applications, such as the removal of 
defective austenitic weld metal, carbon- 
arc cutting is used in combination with 
an air nozzle connected to a supply of 
compressed air. The nozzle is held back¬ 
hand in relation to the arc and the air 
stream issuing from it is directed to eject 
the molten metal from the groove. 


Metal-Arc and Arc-Oxygen Cutting .— 
In connection with underwater cutting, us¬ 
ing either the metal-arc or arc-oxygen 
method, the use of a disconnecting switch 
in the welding circuit is mandatory for 
the protection of the diver-operator. A 
double pole, magnetic switch is the pre¬ 
ferred type. However, a double pole, 
manually operated disconnecting switch 
is admissible when there is a systematic 
exchange of telephoned signals between 
the tender and the diver-operator. 

Carbon and Graphite Electrodes 

Recommended current values for dif¬ 
ferent sizes of graphite cutting electrodes 
are given in Table 1. 

Solid Core Metal-Arc Cutting Elec¬ 
trodes 

Solid core metal-arc cutting electrodes 
are produced in l U and 5 / 3 2 -in. diameters 
in 14-in. lengths and in 3 /io, 7 /sa and Vi-in. 
diameters in 18 and 14-in. lengths. 
Larger electrodes are not usually used be¬ 
cause of their excessive spatter for which 
there is no effective protection. 

Table 2, showing performance charac¬ 
teristics of solid core metal-arc cutting 
electrodes, is based on laboratory tests 
and is to be used only as a guide since 
the skill of the individual operator is a 
governing factor. 

Tubular Core Oxy-Arc Cutting 

Electrodes 

Steel Core Electrodes .—Tubular steel 
core electrodes are available in 3 /ie- and 
"/i«i-in. diam. sizes with the bore diameter 
being approximately Vio and Vio in. re¬ 
spectively. The tubes are either seamless 
drawn or of open-seam construction. The 
Vio-in. diam. tubes are 18 in. long; the 
5 /io-in. tubes are 14 in. long. The cover¬ 
ing is extruded to a thickness comparable 
to that of mild-steel electrodes conform¬ 
ing to AWS Classification E6013. For 


Table 2—Performance Characteristics of Solid Core Electrodes for Metal-Arc 

Plates 

-Cutting Steel 

Electrode 
Diameter, In. 

Plate 

Thickness 

In. 

Cutting Rate, 

In./Min. 

Current, Amp. 

Length of 

Cut for 

Electrode, In. 

Time to Con¬ 
sume Electrode 
Min. 

Vi 

Vi 

10 

400 

10 

1 

1 

1 

1 

1 

3 /i 

3 / . 

V* 

Va 

4 

400 

4 

Vi 

8 /i 

2 

400 

2 

s /io 

Vi 

5 

300 

5 

8 /ie 

V 2 

3 

300 

3 

8 /ie 

Vi 

12 

400 

9 

8 /io 

V-.' 

6 

400 

4 

°/4 

3 /i 

8 /l6 

3 /i 

3 

400 

2 
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underwater use the electrodes are given 
a final coating with a thermo-plastic 
which renders the covering impervious to 
fresh or sea water for several hours of 
immersion even at depths exerting a 
static pressure of 100 psi. 

Ceramic Core Electrodes .—Ceramic 
core electrodes are produced in one size 
only, namely, Va-in. diam., Vs-in. bore, 
8 in. long. The ceramic core is composed 
of a silicon compound which is an elec¬ 
trical conductor. The electrode cores are 
annealed to increase their resistance to 
heat shock and, to withstand mechanical 
shock better, they are encased in a steel 
sheath of approximately V» in. thickness 
generally applied by metallizing. The 
final processing is the application of a 
glass cloth sleeve which is saturated with 
a thermo-plastic set at a relatively low 
temperature. The plastic material serves 
as an electrical insulator. 

Table 3 is an extract from the Bureau 
of Ships, Navy Dept. Specifications 46E6 
(INT) for Tubular Underwater Cutting 
Electrodes for use with the arc-oxygen 
process wherein the minimum require¬ 
ments are defined as shown. 


the carbon arc or with the metal arc 
does not require any other manipulation 
than maintaining the arc between the 
electrode and the metal being cut and ad¬ 
vancing it as the gap progresses. The 
manipulation used to cut heavier thick¬ 
nesses consists of a dipping motion to 
displace the molten metal. 

In oxy-arc cutting there is normally 
no manipulation. Cutting in air (3 in. of 
mild steel or Va in. of certain nonferrous 
alloys), with 3 /ioor Vie-in. diam. steel tube 
core electrodes, the technique is to drag 
the electrode along the intended line of 
cut applying slight pressure. In cutting 
underwater, regardless of the thickness of 
the metal being cut, positive pressure 
must be maintained against the metal be¬ 
ing cut. In cutting underwater with 
tubular ceramic core electrodes, the pres¬ 
sure is light but must still be positive and 
continuous. Piercing in air or under 
water is by striking an arc and pushing 
the electrode into and through the metal 
being pierced. The coating insulates the 
electrode core from shorting against the 
sides of the hole. 

I'he comparative performance with 


Table 3—Minimum Requirements for Tubular Underwater Cutting Electrodes for ‘/s-In. 

Steel Plate 


Cutting Oxygen 

Electrode Material Rate Cut/BurnofT --Power-- Pressure, 

and Size In./Min .' a Ratio'' Amp. Volts Psi. 


Steel Tube Core,® 

B /ie In. Diam. 18 1 300 37-40 30 

Ceramic Tube Core, d 

Vs In. Diam. 10 15 350 30 30 


n Includes time required for piercing plate at start of cut. 

h Cut/BurnofT Patio = Linear inches of metal cut per inch of electrode consumed. 


c Minimum requirements. 
d Tentative minimum requirements. 

Table 4 is an extract from the Bureau 
of Ships, Navy Dept. Manual for Under¬ 
water Cutting and Welding giving the 
length of cut per electrode based on the 
results obtained in acceptance tests rather 
than in field applications. 


Table 4 

Length 

of Cut per 

Electrode for 


Vs-I 

n. Steel Plate 




Length of 




Cut per 

Time to 



Electrode, 

Consume 

Electrode 

Material 

I n. 

Electrode 

Steel tube 

core 

12 

40 sec. 

Ceramic tube core 

100 

12 min. 


HOW TO CUT 

Cutting thin plates (under Vs in.) with 


carbon-arc, metal-arc and oxy-arc cutting 
in air and under water is presented in 

Table 5. 

COMMON APPLICATIONS 

Carbon-arc cutting, being the least ex¬ 
pensive of the arc-cutting procedures and 
the one which is least amenable to con¬ 
trol as regards the appearance of the cut 
edges, is used mostly in scrapyards ; it is 
also used to some extent to remove risers 
and gates from nonferrous castings. It 
is used in yards for cutting both light 
and heavy sections of steel, using heavy- 
duty electrode holders for the latter type 
of work. Metal-arc cutting employing 
covered welding electrodes processed 
with waterproofing has had some appli- 
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cation as an emergency procedure for 
underwater cutting. Solid core elec¬ 
trodes with special coverings designed 
to accelerate the cutting rate are being 
used for the cutting in air of nonferrous 
metals, particularly risers and gates of 
bronze castings. It the proper technique 
is used, these electrodes are capable of 
cutting metals of any shape or geometry. 
The thickness of metal that may be cut 
with them is a function only of the useful 
length of the electrodes, which are pro¬ 
duced in 14 and 18-in. lengths. 


Fields or Industries in Which Arc 
Cutting Is Commonly Used or Is 
Applicable 

Carbon-arc cutting is used occasionally 
in scrapyards and in dismantling struc¬ 
tural steel assemblies. Carbon-arc cut¬ 
ting is not used when it is desired that 
the cut have a finished appearance, except 
for light gage applications. 

Metal-arc cutting is used for cutting 
risers and gates in nonferrous foundries 


Table 5—Comparative Cutting Rates for 

3 /s-in. Thick Mild Steel Plate 


Method 

Electrode 
Diam., In., Type 






S 

Current, 

Amp. 

111 A \ 1 1 

Oxygen 

Pressure, 

Psi. 

Cutting 
Rate, 
In./Min. 

Current, 

Amp. 

Oxygen 

Pressure, 

Psi. 

Cutting 

Rate, 

In./Min. 

Carbon arc 

Carbon 

300 

• • 

5 

300 

• • 

2 

Metallic arc 

•'*/1 .i Steel 

300 

• • 

8 

300 

• • 

6 

Arc oxygen 

•Viii Steel tube 

175 

7 5 

45 

• • • 

• • 

• • 

Arc oxygen 

•V n» Steel tube 

30u 

30 

45 

300 

30 

27 

Arc oxygen 

1 / 1 > Ceramic 

• • • 

• • 

• • 

350 

30 

15 


The above values are based on laboratory tests and field experience 
as a guide. 


and are to be used only 


Oxy-arc cutting electrodes were de¬ 
veloped primarily for use in underwater 
cutting and were later applied for cut¬ 
ting in air. In both applications they 
are capable of cutting both ferrous and 
nonferrous metals, in practically any 
thickness and position. Ceramic core, 
arc-oxygen electrodes are not effective 
for cutting metals heavier than 1 in. in 
thickness. Oxy-arc cutting devices are 
at present gaining wider use as stand-by 
shop equipment or to complement oxygen¬ 
cutting torches, particularly for piercing 
steels, cutting cast-iron, nonferrous metals, 
stainless steels and loosely faying plate 
or sheet assemblies, for which ordinary 
oxygen-cutting torches are less satisfac¬ 
tory if not unsuitable. The versatility of 
oxy-arc cutting, using both steel and 
ceramic tube electrodes, was proved by 
the Naval Service during World W ar II. 
Extensive field tests have since gained 
acceptance of the procedure and materials 
by industrial users. 


and to cut up heavy, nonferrous scrap for 
remelting. Covered electrodes with a 
waterproof coating of lacquer or plastic 
have at times been used as emergency 
material for underwater cutting. The 
cut produced by metal-arc cutting is less 
ragged than in carbon-arc cutting, but 
generally it is not satisfactory prepara¬ 
tion for welding without considerable 
trimming by chiseling or grinding. 

Oxy-arc cutting using tubular elec¬ 
trodes was developed primarily for 
underwater cutting; and is gaining in¬ 
creasingly wider application in surface 
cutting. Oxy-arc cutting is used ef¬ 
fectively for cutting mild and low-alloy 
steels and also stainless steel, cast-iron 
and the nonferrous metals in all positions 
and its value varies with thickness and 
composition of the material. The edges 
cut by the oxy-arc torch are some¬ 
what uneven and require a light surface 
preparation in order to be made suitable 

for welding. 
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CHAPTER 26A 

OXYGEN MACHINING PROCESSES* 


FUNDAMENTALS OF PROCESSES 

Definition and General Description 

Oxygen machining includes those 
processes wherein oxygen is used in the 
surface removal of metals. These proc¬ 
esses are shown in Fig. 1. A brief 


and surface porosity from steel castings. 
The three methods of using this process 
are progressive gouging, backstep goug¬ 
ing and spot gouging. 

Hogging .—This process is becoming in¬ 
creasingly important for use in the 
foundry for the removal of superfluous 



Fig. 1.—Chart of Oxygen Machining Processes 


description of each follows: 

Scarfing or Deseaming .—This process 
is used for the removal of cracks or 
surface seams, scabs, scale and other 
defects on the surfaces of blooms, billets, 
ingots, bars and other unfinished shapes 
in steel mills during the mill cycle and 
before these shapes reach the finishing de¬ 
partments. 

Gouging .—This process is used for the 
removal of defective welds or tack welds 
and the removal of welds in scrapping 
operations, or in the removal of weld 
metal to sound metal in the root of a 
weld. It is also used in the elimination 
of defects such as cracks, sand inclusions 

* PTcparcd by a committee consisting of E. H. 
Roper, Air Reduction Sales Co., Chairman; 
R. S. Babcock, Linde Air Products Co.,; R. 
L. Deily, Arcway Equipment Co.; Bela Ronay, 
ILS. Naval Engineering Experiment Station; 
C. M. Underwood, Northern Ordnance, Inc. 


metal from steel castings. It is used for 
the removal of risers and sprues, which are 
often of such a nature or so located 
that they are difficult or impossible to 
remove by ordinary oxygen-cutting meth¬ 
ods. Riser washing to remove excess 
metal prior to the final grinding operation 
is an application of hogging. 

Surface Planing .—This process is very 
similar to a mechanical planing operation, 
the main difference being the substitution 
of an oxygen jet for the planing tool. 
Surface planing can be used for the re¬ 
moval of metal from either flats or rounds 
by a scries of parallel, overlapping 
grooves, with close dimensional tolerances 
on depth and width of individual cuts. 

Oxygen Turning .—This process is 
identical to the mechanical operation of 
turning, with the substitution of a cutting 
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torch mounted on the carriage of a 
lathe in place of the usual cutting tool 
and tool post and with the work mounted 
between centers of the lathe in the same 
manner as for mechanical turning. 

Oxygen Drilling. —Drilling may be 
divided into rivet removal, lancing and 
punching. 

Rivet removal is accomplished by a 
cutting-oxygen stream which washes a 
crater in the rivet head and finally con¬ 
sumes it, permitting the rivet to be 
knocked out on the opposite side. 

Lancing may be used for piercing holes 
in steel. It is used for this purpose in a 
manner similar to oxygen-lance cutting, 
which is described in Chapter 24. 

Punching or piercing is a form of 
drilling whereby a standard cutting torch 
is used to form a depression in the sur¬ 
face of a billet either for centering or 
final piercing. In the latter case, a lance 
is used when a depth beyond the reach of 
a standard tip is attained. 

Principles of Operation 

Chemistry. —Since the chemistry in¬ 
volved in the removal of steel by oxygen 
machining is exactly similar to that of 
the oxygen cutting process, this informa¬ 
tion will not be repeated but reference is 
made to the section on Chemistry of Oxy¬ 
gen Cutting in Chapter 24. The affinity 
of oxygen and iron at an elevated tem¬ 
perature is employed to oxidize the metal 
at the surface, and the resulting slag 
consisting of oxidized metal and molten 
iron is swept clear of the reaction zone 
by the force of the issuing jet of oxygen. 
The chemical reaction is identical to that 
described for oxygen cutting. 

Torches and Tips. —The principles of 
operation of oxygen-machining equipment 
are the same as for oxygen cutting. The 
differences will be found to be in the de¬ 
sign of the individual pieces of apparatus 
to give the desired result in the type of 
groove or surface removal of metal, and 
in the technique employed. The basic 
equipment consists of a torch and a suit¬ 
able tip mounted in the head of the torch. 
Preheating gases are conducted through 
a series of orifices usually arranged in a 
concentric circle about a central orifice 
of fairly large diameter. A stream of 
oxygen at a relatively low velocity issues 
from this central orifice. The success 
of the process is due to the design of a 
special nozzle to deliver a relatively 


large volume of oxygen at a low jet 
velocity. 

Effect of Oxygen Purity .—The same 
considerations regarding the importance of 
high purity oxygen, discussed in Chapter 
24, pertain to these processes with equal 
force. Since the basic chemical reaction is 
identical, it is to be expected that oxygen 
purity will be of equal importance. In fact, 
since oxygen machining is a means of sur¬ 
face removal of steel in advance of the tip 
and in an area somewhat removed from 
the influence of the preheating flames, it is 
even more essential that the oxygen purity 
be maintained at a high level to insure that 
the thermal balance is maintained to pre¬ 
vent the loss of the cut. 

Preheat Fuel. —Acetylene is by far the 
most widely used fuel gas for oxygen¬ 
machining operations. As explained in 
Chapter 24 the preheat flame serves two 
functions: (1) to raise the temperature of 
the steel initially up to its kindling temper¬ 
ature and (2) to maintain a thermal 
balance during the cutting operation. 
Acetylene is ideally suited because of its 
high flame temperature which makes rapid 
starts possible. Speed in starting, es¬ 
pecially in scarfing, is an important factor 
in high production applications such as 
in a steel mill where the savings in time 
and labor of a quick start may well ex¬ 
ceed the economies of using a cheaper 
fuel gas. 

However, fuel gases other than acety¬ 
lene are extensively used in those locali¬ 
ties where these other gases are readily 
available. Such fuel gases as propane, 
natural gas and city gas (manufactured 
gas) have been used for oxygen machining 
as well as for cutting. 

Scarfing Technique 

Manual .—The actual technique for 
manual scarfing is difficult to describe, and 
can only be learned by practice and famili¬ 
arity with the process and the equipment. 
However, facility in manipulating the torch 
is readily acquired, and a few days in¬ 
struction suffices for the average operator 
to become reasonably skilled. 

In brief outline, the technique is as fol¬ 
lows : First, a spot on the surface is 
heated to the ignition temperature. When 
preheating, which also melts off the sur¬ 
face scale and exposes clean metal, the 
torch is held at an angle of about 75 deg. 
to the work, with the tips of the preheat¬ 
ing flames touching the metal surface. T le 
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preheated area should be as extensive as 
possible to assure rapid starting and to 
prevent excessive digging at the beginning 
of the scarf. When the steel has reached 
the proper temperature and with clean 
metal exposed, the tip is drawn back 
about an inch and the angle between the 
torch and work reduced. This places the 
tip in position so that the oxygen stream 
will impinge upon the preheated area when 
the oxygen valve is opened. 1 he operator 
now gives the torch a forward motion of 
about 1 / 2 to VI 2 ft. per sec., and at the 
same time depresses the oxygen valve. 
If a starting rod feed device is being used 
for ease in starting, depressing the lever 
of the oxygen valve will also actuate the 
rod feed and advance a portion of the 
starting rod into the path of the oxygen 
stream. The combustion of the sections of 
rod liberates heat, and the products of 
combustion which are thrown against the 
steel surface facilitate the start of the re¬ 
action on that surface. Proper timing 
of the forward motion of the torch, change 
in tip angle and opening of the cutting- 
oxygen valve permit the realization of 
shallow starts equivalent to sharp chisel 
cuts. Preheating is unnecessary when 

starting rods are used. 

After the scarf has commenced, the for¬ 
ward motion of the torch must be con¬ 
tinued without interruption or hesitation. 
However, during the forward motion it is 
possible to alter the inclination of the tip 
to the steel surface so as to control the 
width and depth of the scarf. 

When an entire surface is to be scarfed 
and a series of adjacent passes are required 
the first should be made nearest the opera¬ 
tor. Subsequent passes should then be 
made on the far side of the previous scarf. 
By holding the tip slightly angled away 
from the operator or toward the right of 
the direction of travel (when traveling 
from right to left), the oxide will be 
washed to the far side of the scarf, and 
succeeding passes of the torch will remove 
the oxide remaining from the preceding 
scarf. This lateral angling of the tip also 
results in a wider and shallower scarf 
without excessive fins remaining on either 
side of the scarf. 

If the tip is held in a direct line with the 
direction of forward motion, a deep, nar¬ 
row scarf results, and the slag removed 
from the scarf is blown to both sides, 
forming parallel fins on the surface, which 
frequently require further cleaning. 


A properly scarfed surface after suc¬ 
cessive passes of the torch is covered by 
a light, flaky oxide coating which may be 
easily removed by a wire brush revealing a 
finished surface which is bright and clean. 
If any defects remain, they will be clearly 
visible on the surface and can be readily 
marked for additional treatment. The 
finish is comparable to that of steel cleaned 
by chipping. 

Mechanical .—By placing the scarfing 
torches on machines, and by providing 
relative motion between the machine and 
the work-piece, it is possible to mechanize 
the process and to obtain the inherent 
benefits of the process together with those 
of mechanized operation. Because of the 
economics involved, mechanical scarfing is 
only feasible for large-scale scarfing opera¬ 
tions such as encountered in steel mills. 

Gouging Technique 

As in oxygen cutting, it is first necessary 
to bring the steel in a small area up to its 
kindling temperature. This is accom¬ 
plished by allowing the preheating flames 
to play on the spot where the gouge is to 
be started, the torch remaining stationary 
until the ignition temperature has been 
reached. With the tip held at a small 
angle to the work, the valve controlling 
the oxygen stream is opened slowly, and 
the torch and tip are then moved slowly in 
the direction of the gouge. At the same 
time the angle of the tip is gradually re¬ 
duced to the correct operating position. 
The techniques for the three methods of 
gouging—progressive, spot and back- 
step—are discussed separately below. 

Progressive Gouging .— In the progres¬ 
sive method of gouging, the correct tip or 
nozzle is first selected depending on the 
size of the desired gouge. This may be 
based upon the experience of the operator 
or from Table 1 and the oxygen pressure 
is then regulated to give the desired 
width and depth of groove. The data 
in Table 1 apply for average con¬ 
ditions, and for best results selection of 
the optimum operating conditions should 
be obtained by trial. 

In starting the gouge the torch is held 
with the end of the tip or nozzle, at an 
angle of approximately 20 to 45 deg. to 
the work above the line of the gouge, 
as shown in Fig. 2. The torch is held so 
that the tips of the inner cones of the 
preheat flames are just touching the work. 
The preheat flames are played on the spot 
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where the gouge is to be started, until 
the surface reaches the ignition tem¬ 
perature. The angle between the tip 
and the surface is then reduced to be¬ 
tween 15 and 20 deg. and simultaneously 
the tip is withdrawn so that the inner 
cones of the preheat flames are from to 
Vs in. behind the preheated area (see Fig. 
3). The oxygen control lever is also 
gradually depressed, and' the torch is ad¬ 
vanced as soon as the reaction starts. The 
gouge progresses slowly while the angle 
of the end of the tip is gradually reduced 
to the correct operating position. This 
angle will be readily discernible by the 
operator. If the tip is not lowered far 
enough some of the slag will tend to 
flow backward into the gouge toward the 
operator; if it is lowered too far, the 
gouge will become shallow and will soon 
be lost. Best results are obtained when 
the torch is held so that the tip clears 
the bottom of the groove. Figure 4 shows 
a close-up view of the operation in prog¬ 
ress. About 2 ft. per min. is the approxi¬ 
mate speed of travel of the torch in mak¬ 
ing the clean gouge shown in Fig. 4. ‘Vs- 
in. wide and 1 /«-in. deep, in steel plate. 


and the speed is correspondingly de¬ 
creased. In order to make a shallow 
gouge the procedure is reversed. With 
the establishment of the correct depth of 
gouge, it is an easy matter to maintain 
this depth throughout the full length. 
Gouges can be made that are as deep as 
or slightly deeper than they are wide. 
Furthermore, successive passes can be 
made to reach the bottom of a defect 
that may be as much as 2 to 3 in. below 
the surface. 

The contour of the gouge is dependent 
upon the characteristics of the tip used 
and the operating conditions. If the oxy¬ 
gen pressure is too low, the gouging 
action will be very shallow and slow. Too 
high an oxygen pressure will require 
rapid tip movement to prevent a deeper 
gouge than is desired or even piercing 
through the plate. 

Backstop Method .—The backstep 
method was developed during the war to 
facilitate removal of defective welds. The 
backstep method of gouging is similar to 
the progressive method in positioning the 
tip and preheat. After the starting point 
has been heated to the ignition tempera- 




Table 1- 

-Operating Data for Gouging Equipment 



Tip 

Diam., 

In. 

Oxygen 
Regulator ° 
Pressure, 
Psi, 


Consumption. 

—— G 11 F f / i r •• _ 


Approximate 

Speed, 

Ft./Min. 

Approximate Gouge 
Dimensions, In. 
Width Depth 

Acetylene 

V 11. 11./ ill. 

Preheat Ch 

Cutting O 2 

0.130 

65 

35-38 

35-38 

78-82 

1.0-1.2 

Vic 

Vs-VlC 

0.130 

70 

35-38 

35-38 

88-92 

1.4-1.6 

Vie 

V 32— 7 /32 

M 

0.130 

75 

35-38 

35-38 

98-102 

1.5-1.8 

Vic 

V18—V 4 

0.190 

80 

50-55 

50-55 

170-175 

1.6-1.9 

V 8 

Vic- 1 /* 

0.190 

85 

50-55 

50-55 

188-192 

1.8-2.0 

7 /lC 

7 /32-V32 

0.190 

90 

50-55 

50-55 

205-210 

1.9-2.2 

7 /l0 

V 4 —V 8 

0.250 

90 

55-60 

55-60 

278-282 

1.9-2.2 

V* 

Vic- 1 /* 

0.250 

95 

55-60 

55-60 

308-312 

2.3-2.6 

V 2 

V 4 —V 8 

0.250 

100 

55-60 

55-60 

328-332 

2.5-2.8 

V 2 

V 10 -V 16 


° Pressures measured at the regulator; acetylene pressure 10 psi. in all cases. Tips can also 
operate on low-pressure acetylene. 


When it is necessary to change the di¬ 
rection of the cut, the angle of the tip 
in relation to the work should remain un¬ 
changed while the torch is rotated to the 
new direction. Too sharp a turn should 
be avoided lest the outside wall be cut into 
as the result of the action of the molten 
slag. It is advisable to use lower oxygen 
pressures than those indicated in Table 
1 when not gouging in a straight line. 

The depth of the gouge is a function 
of the speed of progression and the angle 
between the oxygen stream and the work. 
To cut a deep gouge the angle of the 
torch is increased in relation to the gouge 


ture, the oxygen valve lever is depressed 
and the tip moved in the line of gouge 
but in a backward instead of a forward 
direction for 3 /« in. while gradually in¬ 
creasing the angle between the tip and 
the plate. The oxygen valve is then closed 
and the torch moved forward along the 
proposed line of gouge for approximately 
r/ 4 in. while maintaining a puddle of 
molten metal with the preheat flames. 
The oxygen valve is again opened and 
the torch drawn backward until the gouge 
made by the preceding pass has been 
reached. This intermittent sequence and 
the rocking motion produced by inclining 
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the torch is repeated along the entire 
length of the defective section of the weld. 

Spot Gouging .—In spot gouging, for 
the removal of a single weld defect, the 
defect is first marked out in the surface of 
the weld. A starting point is next selected 
a little to the rear of the mark, depending 
on how deep the defect is judged to be. 
The gouge is then started in the usual 
manner by preheating the spot, but in¬ 
stead of reducing the angle of the tip, 
it is increased gradually so that the oxy¬ 
gen jet is directed downward until the 
gouge has penetrated to the depth of the 
defect. As in scarfing or deseaming, a 
little experience enables the operator to 
observe readily any defects, which appear 
as dark spots in the molten zone. 


surface removal desired. The rate of 
feed is adjusted to provide suitable over¬ 
lap of the reaction zones. 

Rivet Washing Technique .—In addition 
to rivet cutting mentioned in Chapter 24, 
there is a second method for removing 
rivets using the cutting torch. This is 
usually named rivet washing to differenti¬ 
ate the process from the purely cutting 
operation. In rivet washing, the rivet is 
removed by using the cutting torch to 
consume the rivet head by a washing 
action, repeatedly manipulating the torch 
until the entire rivet head has been oxi¬ 
dized. With the rivet head destroyed, the 
rivet is then punched out. 1 he slag re¬ 
sulting from the washing action is re¬ 
moved by the kinetic energy of the cutting 
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Fig. 2.-Correct Angle of Tip for Fig. 3.-Correct Anglo of Tip for Continuing a Gouge 
Starting a Gouge 


The torch should be held so that the 
tips of inner cones of the flames are about 
1 / , 0 in. above the plate surface at all times 
during the operation. 1 he resulting 
gouge is narrow and U-shaped and can 
readily be filled with a minimum amount 
of weld metal. 

Hogging Technique .—The techniques 
used in hogging operations arc a combina¬ 
tion of scarfing and gouging techniques. 
The actual techniques to be used for spe¬ 
cific applications will vary from one appli¬ 
cation to another. 

Surface Planing and Turning Tech¬ 
nique.— The technique for this operation 
is the same as for scarfing. Having 
mounted the work in a planer or lathe, 
the torch is adjusted to the proper angle 
and distance to provide the extent of 


jet. The technique cannot be described 
adequately but can be acquired fairly 
readily by practice. Results can be ob¬ 
tained by an experienced operator such 
that the plate remains undamaged and 
unmarked by the torch. As the shank of 
the rivet is merely punched out, the diam¬ 
eter of the hole in the plate is unchanged. 
Thus, the process of rivet washing finds 
wide application when the plates and ex¬ 
isting rivet holes are to be reused. 

Punching 

Billet Centering .—Billet centering is a 
form of punching or piercing using a 
large size, cutting tip. The center of the 
billet end is heated to the ignition tem¬ 
perature and a burst of oxygen then forms 
a crater in this surface. The size of the 
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hole depends upon the size of the oxygen 
orifice, duration of oxygen flow and oxy¬ 
gen pressure. The preheating time and 
hole-forming time depend upon the ma¬ 
terial temperature. Small holes (1-in. 
deep by 1 in. in mouth diam.) in hot steel 
may recpiire only 1.2 sec. preheat time 
plus 0.5 sec. oxygen piercing time while 
larger holes (3-in. deep and 2 in. in mouth 
diam.) on cold material will require 7 
sec. preheat time plus 7.5 sec. piercing 
time. The tips have a large number of 


Effects of Oxygen Machining on Ma¬ 
terial 

Chemical .—The chemical effects due to 
oxygen machining are similar to those 
due to oxygen cutting. For a discussion 
of these effects refer to the section on 
chemical effects in Chapter 24. 

In general, the chemical effects are 
slight and hardly noticeable. They do not 
interfere with the usual processes used 
subsequent to oxygen machining. Thus 



Fig. 4.—Close-up of Gouging Operation 


preheat ports uniformly spaced around 
the oxygen orifice to produce round 
centers. Portable and stationary billet 
centering machines are used for produc¬ 
tion operations. The short duration of 
preheat and piercing time on hot steel 
requires automatic timing devices to re¬ 
produce uniform centers. 


a defect in a weld or a casting removed by 
gouging will be rewelded in a later opera¬ 
tion. In the case of billets and slabs 
scarfed in a steel mill, the subsequent 
reheating for rolling will produce oxida¬ 
tion and scaling of the surface much more 
pronounced than the chemical effects of 
the scarfing process itself. 
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Metallurgical. —In Chapter 24 the ef¬ 
fect of oxygen cutting on the metallurgy 
of steel was discussed. These same con¬ 
siderations apply to the oxygen machining 
processes. The metal being removed is 
at a temperature approaching its melt¬ 
ing point, and consequently, the steel im¬ 
mediately adjacent to the reaction zone 
is heated well above its critical tempera¬ 
ture, while the mass of metal at some 
distance from the operation is not af¬ 
fected appreciably. These conditions then 
represent typical hardening conditions for 
the metal in the vicinity of the reaction 
with a large temperature gradient from 
the reaction zone to the cool mass of 
metal. Due to the high coefficient of heat 
transfer through steel, the hardening ac¬ 
tion is even more drastic than that of a 
normal water quench. Proper precautions 
are necessary to prevent checking and 
cracking of the steel surfaces. This is 
especially true where large billets or cast¬ 
ings are being scarfed. 

1 o determine whether special precau¬ 
tions are needed to prevent checking and 
cracking, the analysis of the steel should 
be known. With a knowledge of the 
analysis, it is possible to determine the 
hardenability of the steel, and so to pre¬ 
dict the likelihood of checking and crack¬ 
ing. The same considerations as dis¬ 
cussed in Chapter 24 under Metallurgical 
and Physical Effects, and Heat Treatment 
are equally valid for oxygen machining. 

I* or the most part, oxygen machining 
can be employed on practically all grades 
oi carbon and alloy steels except for 
certain of the austenitic stainless, and 
corrosion-resistant steels for which the 
flux or powder processes may be neces¬ 
sary. High-carbon or alloy steels must 
be preheated sufficiently to reduce the 
stresses set up on cooling. This is very 
necessary when oxygen machining alloys 
containing nickel or chromium. In steel 
mills where billets are scarfed prior to the 
rolling operations, scarfing is often done 
by machine in the roll line at tempera¬ 
tures between 1600 and 2000°F. How¬ 
ever, for many steels preheat temperatures 
to 400° F. and in some cases to 900°F. 
have been found to be adequate. Many 
analyses may be scarfed cold without 
danger of cooling cracks. In practice it 
is preferable to determine the required 
preheating temperature as a result of ex¬ 
perience with the particular grade of 
steel. Some borderline steels require pre¬ 


heating in winter but not in summer 
months. 

Alloying Elements.—As has been previ¬ 
ously stated, oxygen machining may be 
done on practically all grades of steels 
with the exception of corrosion- and heat- 
resistant alloys and some tool steels, pro¬ 
vided adequate preheat is used for those 
alloys subject to stress cracking and 
checking. In general, the various alloying 
elements will have substantially the same 
effects as they have in oxygen cutting. 

High-carbon steels are scarfed with¬ 
out difficulty if preheated. Such steels 
have been successfully scarfed with the 
carbon content as high as 1.36%. High- 
carbon steels containing nickel or chro¬ 
mium up to 3% are scarfed as regular 
commercial practice. Manganese as an 
alloying clement is not detrimental; steels 
with a manganese content as high as 10.5% 
are handled easily. High-manganese steel 
with high sulfur content does not prove 
troublesome. Silicon in the amounts usu¬ 
ally found in steel does not appear to be 
detrimental. 

When high percentages of alloying ele¬ 
ments are present, preheating may be 
necessary. This is particularly true for 
steels containing nickel or chromium. It 
should be noted that any steel that can be 
oxygen machined at room temperature 
with good results may also be handled 

t an elevated temperature. 
Consequently, if the effect of an alloying 
element is in doubt, it is advisable to pre¬ 
heat the material. 

Quality of Oxygen-Machined Sur¬ 
faces .—The desired contour of the surface 
depends to a large degree on the service 
or purpose for which the material is in¬ 
tended. In work such as gouging for 
removing defects prior to rewelding, it is 
desired to produce a smooth, accurately 
defined groove of relatively narrow width. 

In this case it is required to gouge out the 
defect with a minimum removal of ad¬ 
jacent sound metal, consequently a nar¬ 
row, deep groove is the ultimate aim. 
Other work, notably that classified under 
the headings of Surface Planing and 
Hi ruing requires the removal of metal in 
wide, flat, shallow gouges without the 
formation of ridges or fins between the 
various passes. Other oxygen machining 
processes require surface contours inter¬ 
mediate between these two extremes. As 
examples, the shaping of a large shaft to 
fit a wobbler plate in the drive mechanism 
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of a steel mill roll assembly and gouging 
a J-groove in the edge of a plate as prepa* 
ration for welding may be cited to indi¬ 
cate various requirements of the oxygen 
machining process. 

By proper selection of equipment and 
by using the correct technique, all of these 
requirements for finish contour can be 
obtained. Different types of contour used 
in various oxygen-machining operations 


PROCESSES 

to that used for manual cutting operations. 
The torch used for gouging serves the 
same function as does the cutting torch, 
that of conducting the gases to a suita¬ 
ble tip. The principal characteristic of 
the scarfing torch is its ability to handle 
large gas .volumes as required by the 
scarfing process. Other differences are 
mainly dimensional, the scarfing torch 
being longer than a cutting torch in order 



Fig. 5.—Types of Cuts Used in Oxygen Machining 


are sketched in Fig. 5. Typical gouging 
operations on arc welds are depicted in 
Fig 6. I he dotted lines show the metal 
removed by gouging. It should be noted 
that the U-grooves shown in Figs. 6A and 
66 are also produced by oxygen gouging. 

EQUIPMENT USED 

Manual Scarfing and Gouging 

In many respects the equipment used 
foi manual scarfing and gouging is similar 


to enable the operator to manipulate it 
without undue fatigue. While a cutting 
torch may have an average length of about 
24 in., scarfing torches are available in 
lengths ranging from 36 up to 72 in. or 
more to permit easy handling of work at 
floor level from a standing position. 
Torches with heads inclined at various 
angles are commonly employed, the choice 
depending upon the location and nature of 
the application. Heads at 90-, 75- and 
45-deg. inclinations with the axis of the 
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torch and also in line with the torch are 
most common. 

Selection of the appropriate tip to be 
used for a particular application is the 
most important consideration in oxygen¬ 
machining operations. For surface-scarf¬ 
ing and surface-planing operations the tip 
is designed to remove metal from a wide 
area but to a shallow depth. Other tips 
are available to make a narrow groove 
which with proper technique can be used 
to produce a gouge of considerable depth. 
Such a tip would be required to remove 
deeply located defects in welds or porosity 
in castings, where it is desired to remove 
a minimum amount of metal so as to re¬ 
quire a minimum amount of rewelding 
to correct the defect. Tips for different 
fuel gases are also available; special 
skirted tips are used for propane and other 
hydro-carbon fuel gases. 


which at the direction of the operator feeds 
the heated end of a mild steel rod into 
the path of the cutting oxygen above the 
intended location of the reaction zone for 
ease of starting the cut. Such a means 
for commencing the cut tends to eliminate 
deep digging when starting a scarf. Like¬ 
wise, for spot gouging where it is desired 
to remove a defect from a small area, the 
starting rod feed device will be found use¬ 
ful in affording control for the proper 
manipulation of the torch. 

hor those steels (principally the chro¬ 
mium irons and the stainless steels) 
which, because of the nature and quantity 
of the alloying elements present, are diffi¬ 
cult to scarf, the iron-powder process has 
been used with some success. As in the 
case of oxygen cutting, the alloying ele¬ 
ments responsible for the corrosion-resist¬ 
ant properties of these materials effec- 
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Fig. 6.—Gouging Operations on Arc Welds 


1 lie balance of the equipment for man¬ 
ual gouging and scarfing is identical with 
that employed in cutting operations. Hose 
of adequate size to provide gas capacity 
of sufficient volume to handle the heavy 
gas flows should be used, and unnecessary 
restrictions in the line should be avoided. 
The regulators are also identical with 
those used in cutting operations. Regu¬ 
lators should be of sufficient capacity to 
admit the required gas volume and so 
prevent starving of the tips. The gas 
supply should either be from manifolded 
cylinders large enough to furnish the vol¬ 
ume of gas required or from a pipe line 
adequate in size for the amount of scarf¬ 
ing being done and for supplying other 
gas loads that may be imposed simultane¬ 
ously on the lines. 

The most important piece of auxiliary 
equipment used in conjunction with the 
scarfing torch is the starting rod feed 
device. This consists of an assembly of 
mechanical linkages operated by a lever 
located beneath the handle of the torch 


lively hinder the action of the oxygen 
stream in the scarfing operation. How- 
e\ er, results using the iron-powder process 
indicate that scarfing of these materials 
can be successfully accomplished. The 
same type of iron-powder hopper or dis¬ 
penser described in Chapter 24 for oxy¬ 
gen cutting of these materials may be used 
for scarfing. A special scarfing torch and 
tip designed to convey the iron powder to 
the reaction zone, as well as the preheat 
gases and the scarfing oxygen are re¬ 
quired. In other respects the additional 
equipment required is similarto that used 
tor cutting by the iron-powder method. 

1 he essential difference is mainly in the 
proper design of the torch and tip for 
application to the scarfing processes. 

Mechanical Scarfing and Grooving 

Mechanical scarfing equipment can be 
classified in two different categories. 

The first type is that used by steel mills 
tor scarfing billets or bars to remove sur- 
ace defects prior to the subsequent rolling 
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operations. These machines are often 
inserted permanently or retractably in the 
roll line, and become one of the component 
pieces of equipment in the steel mill’s pro¬ 
duction line. However, as this equipment 
is of a specialized nature, and is built and 
engineered to meet special customer speci¬ 
fications, it will only be briefly considered. 
Such equipment constitutes a major capi¬ 
tal investment, and its use is practical 
only on a production basis. Extensive 
study of the economic factors involved is 
essential for each contemplated installa¬ 
tion. 

Billet scarfing, or desurfacing machines, 
as they are usually called, have been built 
for either hot- or cold-scarfing applica¬ 
tions. Some machines scarf one surface 
of a billet at a time, making it necessary to 
turn the billet and make successive passes 
if the entire billet is to be scarfed. The 
more modern machines, those built for use 
as a component part of the roll line of 
a steel mill, are capable of scarfing the 
four sides of a billet simultaneously. Es¬ 
sentially automatic in operation, these 
machines are manipulated by an operator 
from a pulpit having push button controls. 
Positioning of the scarfing tips is usually 
accomplished by hydraulic power, while 
the gas supply is actuated by solenoid 
valves, all under the operator’s direction. 

The second type of equipment is used 
for plate edge preparation for welding. 
For such applications mechanical holding 
and guiding of the torch and tip are re¬ 
quired. A movable carriage type of 
machine mounting a standard cutting 
torch, as described in Chapter 24, is 
ideally suited for this work. As this 
equipment is exactly similar to that used 
for oxygen cutting, further description is 
not necessary. 

Other Oxygen-Machining Processes 

As previously indicated surface planing, 
oxygen turning, etc., employ the same 
equipment as scarfing, gouging and cut¬ 
ting modified for the particular applica¬ 
tion. 

COMMON APPLICATIONS 

Manual Scarfing and Gouging 

Manual scarfing (deseaming) and 
gouging arc essentially similar processes, 
the principal difference being that the 
degree of accuracy of metal removal with 
a gouging torch is considerably greater 


than that with a scarfing or deseaming 
torch. In conditioning steel billets and 
slabs by scarfing or deseaming the primary 
object is to remove a wide, shallow layer 
of metal, thus eliminating surface defects 
and leaving the resulting surface prepared 
for subsequent rolling operations. Goug¬ 
ing, with its characteristic U-shaped con¬ 
tour, removes the metal to a depth below 
the surface or shapes an edge in such a 
way as to prepare a groove properly 
shaped for welding operations. 

Scarfing 

Scarfing, or deseaming, covers those 
operations of surface conditioning of 
steel blooms, slabs, and billets preparatory 
to finish rolling in the steel mill. It has 
to*a large extent replaced chipping with 
the pneumatic chisel for the removal of 
cracks, seams, scabs, and crows feet from 
steel stock to avoid surface imperfections 
in the finished product. 

Scarfing has decided advantages over 
chipping as a means of removal of these 
defects. It is many times faster than 
chipping and shows up cracks which other 
methods of surface conditioning might not. 
It also results in reduced floor space re¬ 
quirements for steel conditioning opera¬ 
tions. Scarfing makes it possible to sal¬ 
vage many steel stocks too badly checked 
to warrant chipping. Contrary to suppo¬ 
sition scarfing does not cover up defects, 
but actually exposes small cracks and im¬ 
perfections. 

An important application of hot, manual 
scarfing is the removal of tears and scabs 
in forging operations whereby the need 
for cooling and reheating incident to chip¬ 
ing operations is eliminated. 

Gouging 

Gouging is used extensively to remove 
defects in steel revealed by radiographic, 
magnetic particle, supersonic or other in¬ 
spection methods. Other applications in¬ 
clude the removal of tack welds or defec¬ 
tive welds, and defects in steel castings 
due to blowholes or sand inclusions. It is 
also used in demolition work, in remov¬ 
ing welds from temporary brackets or 
supports, for removing flanges from pip¬ 
ing, heads from boilers, and for removing 
old tubes from boilers by gouging the 
tubes internally where they enter the head 
sheet of the boiler, prior to collapsing 
them. It is also used in preparing plate 

edges for welding. 
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Manual gouging is a fast method of 
metal removal, speeds from 1 to 3 lineal 
ft. per. min. being obtained. Depending 
upon the skill of the operator, it is possible 
to control the accuracy of the gouge 
formed within a tolerance of about Via 
in. in both width and depth. The equip¬ 
ment is readily portable so that it can be 
used for the removal of defects which 
might otherwise be inaccessible. The 
process is relatively quiet and maintenance 
costs are less than for mechanical proc¬ 
esses which require repeated sharpening 
of tools. 

Mechanical Scarfing and Gouging 

Some of the early machines were built 
to mount a battery of scarfing torches and 
were so constructed that the machine 
traveled on rails alongside the work and 
carried the scarfing torches over the sur¬ 
face at the required height and at the 
proper angle. This type of machine is 
still used today to a limited extent, but it 
has been largely supplanted by the sta¬ 
tionary-type machine mounted directly in 
the roll line of the steel mill. For the 
fixed-position machine the work at ap¬ 
proximately rolling temperature is moved 
through the machine by driven support¬ 
ing rolls and guided by idler and pinch 
rolls as needed. 

Fixed-position scarfing machines are 
used today mainly for scarfing blooms 
and billets with cross-sections of 4 to 14 
in. on a side, or rectangles. Surface re¬ 
moval of slabs 76-in. wide to a depth of 
1 /m in. on all four sides simultaneously is 
possible at speeds in excess of 125 linear 
ft. per minute. Shallower removal can be 
done at speeds between two and three 
times this figure. 

The stationary-type scarfing machines 
are built so they can be retracted, or 
lifted, from the roll line with idler rolls 
substituted to permit repairs and main¬ 
tenance on the machine without interrupt¬ 
ing the schedule of the mill. The scarf¬ 
ing head of the machine is constructed in 
segments, allowing each to be moved into 
position, and adjusted by hydraulic or 
pneumatic controls for blooms of various 
sizes. Each segment is free to float in 
a direction perpendicular to the axis of 
the bloom. The segments of the scarfing 
head mount the water-cooled scarfing tips, 
or tip segments, which must be water 
cooled. The gases fed to the tips are con¬ 
trolled by individual shut-off valves. The 


entire machine is handled by the controls 
which are located in a pulpit near the 
rolling line in a position giving good 
visibility for the operation. 

Other considerations are the provision 
of adequate facilities for handling the 
large volume of slag and fumes produced 
during the scarfing process. Special slag 
pits equipped with water sprays to break 
up the slag and flush it away to a settling 
pit are provided, as well as a fume hood 
and exhaust fans connected to a conveni¬ 
ently located stack. 

In mechanical scarfing the oxygen con¬ 
sumptions are extremely high. For an 
installation capable of handling 200 tons 
of steel per hr., some six tons of surface 
may be removed resulting in about 10 
tons of fumes and slag, and requiring ap¬ 
proximately 20,000 cu. ft. of oxygen, and 
about 1000 to 3000 cu. ft. of acetylene. 
Short-duty cycles for these machines re¬ 
sult in momentary oxygen demands which 
may exceed 150,000 cu. ft. per hr. and the 
oxygen supply and gas-handling equip¬ 
ment must be engineered to supply these 
demands. 

The oxygen consumption in terms of the 
weight of metal removed depends on vari¬ 
ous factors, including the depth of scarf, 
carbon content and analysis of the steel, 
and the temperature of the steel. For 
cold scarfing, a rough figure for the oxy¬ 
gen consumption is between 2.0 to 3.5 
cu. ft. per. lb. of metal, while for hot 
scarfing in the vicinity of 2000°F., this 
index is in the neighborhood of 1.0 to 1.3 
cu. ft. of oxygen per lb. of metal removed. 
It is interesting to note that in cold scarf¬ 
ing a large percentage of the metal re¬ 
moved is oxidized, while in hot scarfing 
the resulting slag contains an exception¬ 
ally high iron content. The slag obtained 
from hot scarfing operations has been 
found to contain as much as 88% iron, 
indicating that a melting action is pre¬ 
dominant. This would also account in 
part for the fact that alloy steels may 
often be scarfed hot, when at ordinary 
temperatures they cannot be scarfed satis¬ 
factorily. 


Hogging is an increasingly important 
foundry process used for removing super¬ 
fluous metal from steel castings. It in¬ 
cludes the removal of risers and sprues 
which are often of such a nature or so 
located that it is difficult or impossible 
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to remove them by ordinary oxygen¬ 
cutting methods. Hogging cuts are very 
similar in cross section to those illustrated 
in Fig. 5. The depth of the cut, however, 
may be considerably greater when required. 
Such deep cuts are sometimes character¬ 
ized by rough surfaces, but subsequent 
oxygen planing will provide a satisfactory 
finish. 

Planing 

Gang assembly of planing tips or nozzles 
has been used for certain types of hog¬ 
ging cuts. These cuts, however, are more 
typical of surface planing. In this opera¬ 
tion cuts are made in parallel relation- 


ses of these materials. As a general rule, 
the remarks included in Chapter 24 on 
material which may be readily cut apply 
equally to the oxygen machining proc¬ 
esses. For this reason they will not be 
repeated here, except in brief outline. 

For high-carbon and low-alloy steels, 
care must be exercised in deciding whether 
the application and the material to be 
oxygen machined will give the desired re¬ 
sults without encountering objectionable 
effects, such as hardening, cracking and 
checking. However, by the proper appli¬ 
cation of preheat many of the SAE series 
steels may be oxygen machined success¬ 
fully. Included in such a list are the free- 



Fig. 7.—-Oxygen Machined Coarse Pitch Screw 


ship, permitting the removal of wide sur¬ 
faces (Fig. 5, c to g ). When performed 
mechanically, close dimensional allow¬ 
ances on depth and width of the individual 
cuts may be maintained so that the re¬ 
sulting surfaces are at least equal to those 
formed by rough surface tool planing. 
Control of surface regularity is dependent 
on the selection of the proper profile style 
and on the careful spacing of the cutting 
tips. 

Oxygen Turning 

Turning operations are similar to the 
planing operations just described, although 
this process is so recent that few com¬ 
mercial applications have as yet been 
made. 

Material Which Can Be Oxygen Ma¬ 
chined 

Oxygen machining ( gouging, planing, 
milling, etc.) is usually carried out on 
low-carbon and mild steels, and no dif¬ 
ficulties are experienced due to the atialy- 

♦ 


cutting manganese, nickel, nickel-chro¬ 
mium, molybdenum and silicon-manganese 
steels, especially in the lower alloy ranges. 
It is impossible to indicate definitely 
whether a particular application involving 
these steels will be successful since there 
are no arbitrary limits to the analyses 
which may be oxygen machined, and be¬ 
cause with many variables present it is 
often possible to vary them appropriately 
to obtain acceptable oxygen-machined sur¬ 
faces. 

Certain steels, notably the stainles> 
steels having high chromium and nickel 
content, are not readily scarfed. In recent 
years, flux-oxygen cutting has been used 
for scarfing stainless steels. (See Chapter 

24). 

Fields or Industries in Which Com¬ 
monly Used 

The steel industry finds major use for 
the oxygen machining processes. Since 
their introduction, the processes (predomi- 
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nantly the scarfing process) have been 
used extensively to replace the chipping 
hammer to a large extent. Because of 
more stringent buyer specifications deal¬ 
ing with the surface finish, mechanical 
scarfing of large tonnages is being per¬ 
formed today with the expectation that 


Fabrication shops have, to a limited 
extent, used oxygen machining for making 
initial cuts on large pieces of equipment. 
Depending on the surface requirements, 
the cut produced by oxygen machining 
may or may not be satisfactory for use 
as produced. Typical examples of this 



Fig. 8.—Gouging an 8-In. Shaft to Fit Rolling Mill Drive Clutch 


in tlie future an even greater percentage 
of the total tonnage produced will be 
scarfed steel. 

Other industries, such as the shipyards 
and railroads, find use for these processes 
tor plate edge preparation and the re¬ 
moval of defects in welding and castings. 
Both these industries use gouging for the 
correction of spot defects and both make 
use of the cutting torch for rivet washing 
for the removal of damaged riveted steel 
plates requiring replacement. 


type of work are shown in Figs. 7 and 8. 
However, the use of the processes is still 
in its infancy and there is room for great 
improvement. 


Salvage industries have already been 
mentioned as users of these processes. 
Manual gouging and rivet washing are the 
two processes mainly used in salvage 
work. Other principal users of oxygen 
machining include foundries, which by re¬ 
moving riser pads eliminate to a large ex¬ 
tent costly swing grinding. 


BIBLIOGRAPHY 


1. M ac hi it in <i with Oxy-Acetylene. 11 H 
Moss, American Machinist, December 31, 1932 
and January 4, 1933 

2. Conditioning, Shaping and Machining of 
Carbon Steel by Oxygen, II. II. Moss, The 
Welding Journal, January 1933. 

3. Machine Cutting and /-lame Machining by 
the Oxyacetylene Process. R. F. Helmkamp, The 
Welding Journal, February 1934. 

4. Plate Edge Preparation for Welding, II 

E Rockefeller, The Welding Journal, January 
1940 . 

-S. Steel Conditioning with the Oxy-Acetylene 
Method G. I). Winlack, Iron and Steel Engi¬ 
neer, April 1940. 

6. Planic Scarfing Billets, John Ileflley, Steel, 


July 15, 1940. 

Scarfing Billets and Slabs, Steel, Xovem 
her 11. 1940. 

8. Flame Machining, Control and Applica- 
(j - t L Walker and W. G. Sylvester, The 
Welding Journal, February 194 1. 

9 Hot Scarfing of Billets, Blooms and Slabs, 
1941 ’ D ° y C> r ° n and Steel Engineer, May 

1 r ) ; Il J° h Carb °n and Alloy Steels. 

19,7' XVinlack » Iron and Steel Engineer, April 

,, 1 2 3 4 * 6 .V R'Uct Preparation for Rolling Mills. V. 
, ,V an I 1 .! crt| E'on and Steel Engineer, June 194 5 
EUnne Deseaming, Fred Judelsohn, Iron 
and Meel Engineer, December 194 7. 



CHAPTER 26B 


FLAME HEATING AND HEAT TREATING* 


FUNDAMENTALS OF PROCESSES 

Definitions and General Description 

The processes covered in this section 
include flame hardening, flame softening, 
flame strengthening, flame cleaning, flame 
straightening and flame shrinking. 

Flame hardening is the heating of the 
surface layer of an iron-base alloy above 
the transformation temperature range by 
means of a high-temperature flame and 
then quenching. 

Flame softening is the tempering or 
annealing of iron-base alloys which have 
previously been hardened in the course of 
cutting, or other working, by heating to 
suitable temperature ranges with an oxy- 
acetylene flame and slow cooling. 

Flame strengthening is the use of an 
oxy-acetylene flame to heat treat local 
areas, which will be highly stressed in 
service, to increase their tensile strength. 

Flame cleaning is the use of an oxy- 
acetylene flame for removing scale, rust, 
dirt and moisture from steel surfaces pre¬ 
paratory to painting. 

Flame straightening is the use of an 
oxy-acetylene flame to heat steel parts 
and correct distortion. The process is 
often used prior to or after welding. 

Flame shrinking is the use of an oxy- 
acetylene flame to heat a steel part to a 
plastic state following which it is 
shortened by mechanical means. 

For the sake of clarity each of the 
foregoing processes is discussed separ¬ 
ately. 

FLAME HARDENING 

Principles o£ Operation 

The flame-hardening process employs 

* Prepared by a committee consisting of S. 
T. Waiter, Air Reduction Sales Co., Chairman; 
R. L. Deily, Arcway Equipment Co.; H. V. 
Inskeep, The Linde Air Products Co.; Bela 
Ronay, U.S. Naval Engineering Experiment 
Station; C. M. Underwood, Northern Ordnance, 
Inc. 


the heat of an oxy-fuel gas flame to pro¬ 
duce a relatively shallow heated zone in 
a ferrous material such that subsequent 
quenching with suitable media, generally 
water, compressed air or a soluble oil, 
will increase its surface hardness. The 
main difference between furnace harden¬ 
ing and flame hardening is that in the 
former process the entire object must be 
brought to hardening temperature, where¬ 
as in the latter, only a thin surface layer, 
about Vie to Vs in. in thickness, or a 
localized area is so treated. Since flame 
hardening has been applied to hardening 
thin surface layers of thicker sections, it 
has been loosely termed local hardening 
or surface hardening, and has been con¬ 
fused with the carburizing process of case 
hardening and with nitriding. 

Flame hardening employs the flame 
merely as a heating medium and involves 
no change in the chemical composition 
of the material such as the introduction 
of carbon or nitrogen into the surface 
layers of the material, as in case harden¬ 
ing. Because of the rapid rate of heating 
and the sharp temperature gradient be¬ 
tween the surface and the interior of 
the object, a substantial self-quenching 
effect is obtained which in some cases 
is sufficient to produce the desired surface 
hardness by air cooling. 

The principles of operation of flame 
hardening are no different from those of 
furnace hardening. For an understanding 
of the changes a steel undergoes in a 
hardening operation, a knowledge of 
metallurgy is required, and in this con¬ 
nection the reader is referred to Chapter 3. 

Hardening Techniques 

Flame hardening can be accomplished 
either manually or mechanically. 

Spot Hardening .—Where limited areas 
of a part are to be treated, the area can 
be heated above the critical temperature 
bv manually manipulating the torch back 
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and forth across the surface. The torch 
is then removed and the surface quenched 
with water, compressed air, or immersed 
in oil as required by the particular com¬ 
position of the material. Extensive use 
is made of this method in hardening rail 
ends to reduce batter. 


temperature and the quenching stream 
following imparts a uniform hardness to 
the area covered. The speed of travel will 
vary from 3 to 12 in. per min. depending 
on the size and number of flame ports 
(heating orifices), and determines the 
penetration of the hardness. The degree 


Direction of 
travel 
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© 





Fig. 1. Schematic Sketch of Progressive Hardening 


Progressive Hardening. —In hardening 
extended areas, the process is made con¬ 
tinuous by incorporating both heating and 
quenching functions in the hardening tip 
or burner, and providing means for mov¬ 
ing cither the work or the equipment at a 
constant speed along the path to be 
hardened. Heating is accomplished by 
one or more rows of small flames fol¬ 
lowed closely by a row of quenching 
jets. I his method results in a more 
severe self-quenching effect than occurs 
where the entire surface to be hardened 
is simultaneously heated to the harden¬ 
ing temperature. A water quench unless 
carefully applied is generally too severe 
for the higher carbon steels and com¬ 
pressed air or compressed air-water 
mixtures are used. 

Figure 1 illustrates in schematic form 
the method of progressive hardening. 
I he tip progressively heats the surface 
along the path of travel to hardening 


of hardness obtained for a given steel 
analysis is regulated by the temperature 
to which the surface is heated and by the 
nature and volume of the quenching 
stream. For example, for 0.30% carbon 
steel the hardening temperature would 
have to be around 1530°F. (the A 3 tem¬ 
perature is about 1487°F. for such a 
steel). For a higher carbon steel, the 
hardening temperature is lower. A 
0.70% carbon steel would require a 
hardening temperature in the vicinity of 

1430°F. (the A 3 temperature in this case 
is about 1367°F.). 

Hardening Cylindrical Surfaces.— Cy¬ 
lindrical surfaces, both external and in¬ 
ternal, can be successfully flame hardened. 
Ihree different methods are in common 
use, the choice depending on the length 
and diameter of the cylindrical object. 

1. Spinning Method .—Narrow bands 
of surface can be flame hardened on 
cylindrical surfaces of small diameter, 
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such as crankshaft journals, by spinning 
at surface speeds of about 1000 lineal in. 
per min. under a heating tip or burner. 
The heating tip should be of sufficient size 
to cover the width of surface to be 
hardened. When the entire surface to 
be hardened has been raised to the 
hardening temperature, the heating 
flames are extinguished and a quenching 
stream applied to the spinning surface. 


with the cylinder rotating with a surface 
speed of about 1000 lineal in. per min¬ 
ute. Heating heads and quenching jets 
are often mounted on a lathe tool post. 
One or more heating tips or burners, de¬ 
pending upon the diameter of the object, 
are spaced at equal intervals around the 
object perimeter, so as to heat a narrow 
band to the hardening temperature. An 
advantage of the progressive spinning 
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Fig. 2.—Hardening by Progressive Cylindrical Method 


Larger diameter surfaces may require 
two or more such heating tips or burners 
equally spaced around the cylinder cir¬ 
cumference to increase the speed of heat¬ 
ing or to reduce the depth of penetration. 
The spinning method is the simplest 
for hardening cylindrical surfaces and 
should always be considered where the 
size and shape of the object to be 
hardened permit. Since the entire sur¬ 
face to be hardened is raised to the harden¬ 
ing temperature at the same time, the 
flame adjustment, torch positioning and 
the nature and degree of quenching are 
not critical. In addition, the temperature 
of the heated surface can he accurately ob¬ 
served before applying the quench. 

2. Progressive Spinning Method. —Cy¬ 
lindrical surfaces of extended length can 
be hardened by progressively heating 
a spiral band 7 2 to 1-in. wide, followed 
axially at a distance of V* to 7s in. by a 
quenching stream, along the axis of the 
cylinder at a rate of 3 to 12 in. per min., 


method, aside from making possible the 
hardening of cylinders of extended length, 
is that much of this type of hardening can 
he done with standard oxy-acetylene weld¬ 
ing equipment which is generally avail¬ 
able . 

3. Progressive Cylindrical Method .— 
This is an adaptation of the progressive 
hardening method previously described. 
It differs from the progressive spinning 
method in that the object is rotated at a 
much slower speed and circular surface 
bands are hardened. This usual periph¬ 
eral speed is between 3 to 12 in. per 
min., 6 in. per min. being most common. 
To prevent drawing the hardness at the 
overlap of adjacent areas an auxiliary 
cooling stream is sometimes used ahead 
of the hardening tip (see Fig. 2). Be¬ 
cause of the possibility of developing 
surface checking by passing the flame 
over an already hardened area, it is com¬ 
mon practice to avoid overlapping t ie 
heating passes. The narrow band of 
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lower hardness, between the passes, is 
generally not objectionable on broad 
bearing surfaces. 

Miscellaneous Procedures . — Flame¬ 
hardening tips can be designed to fit ir¬ 
regular contours such as cam surfaces 
or lathe spindle noses and gear teeth. 
In many cases, however, it is preferable 
to split up such a contour into several 
parts and harden each part of the contour 
as a separate operation. The resulting 
simplifications in tip design considerably 
reduce their cost and promote easy 
operation. In hardening gear teeth, the 
tooth profile may be divided into two parts 
and heating tips are designed to fit each 
half of the tooth contour. Spur, sprocket, 
worm and herringbone gears are hardened 
by mounting the tips or burners in a yoke 
at a fixed distance apart and providing for 
uniform motion of tlie tips or burners 
along the tooth. 


the varying cross-section of the tooth. 
Gear hardening machines, incorporating 
these features, are made by several com¬ 
panies manufacturing gear-cutting equip¬ 
ment. 

Materials 

Steels. — Any type of hardenable steel, 
including stainless, can be flame hardened 
if the proper procedures are followed. 
The carbon content should be 0.35% or 
more for appreciable hardening. The 
best range for most flame hardening 
methods is 0.40 to 0.50%. The alloy 
content will determine the type of quench 
to be used. Straight carbon steels in the 
range indicated can usually be given a 
rapid quench. The quench for alloy steels 
can be varied from a rapid quench to 
air cooling, depending upon the harden- 
abilitv of the steel. Sometimes a quench 
using compressed air immediately behind 



Fig. 3—Hardness Patterns Obtain 

Special equipment is required in the 
case of worm and herringbone gears to 
rotate the gears as the tips or burners 
move in a straight line along the gear 
axis, and with bevel gears for varying the 
spacing of the hardening tips and the 
speed of the torch travel to accommodate 


d in a Flame-Hardened Steel Shaft 

the flames is followed by a quench using 
water, hull hardness cannot always be 
expected with the slower cooling rates. 

ypical hardness patterns in a flame- 
hardened steel shaft and in a gear tooth 
are shown in Figs. 3 and 4, respectively, 
r igure 3A shows a shaft with a hardened 
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case Ve-in. deep, Fig. 3B shows a shaft 
hardened halfway through and Fig. 3C 
shows a shaft hardened throughout its 
thickness. The hardness values shown in 
Figs. 3 and 4 are Rockwell C. 


22 19 24 35 44 51 
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Fig. 4.—Hardness Pattern Obtained in a 
Flame-Hardened SAE 4640 Gear Tooth 

Cast Iron .—Pearlitic cast irons offer 
a broad field for the flame hardening 
process. Chilled cast iron has high re¬ 
sistance to wear, but chilled castings can¬ 
not be machined. Pearlitic cast iron can 
be machined to dimension and then flame 
hardened, greatly increasing the resistance 
to wear. In general, gray cast iron 
should have about 0.40 to 0.80% combined 
carbon for satisfactory hardening. Alloy¬ 
ing elements such as nickel, chromium, 
molybdenum and vanadium, in the 
amounts used in cast iron, have little effect 
on the results. Cast iron is easily over¬ 
heated and in general should be hardened 
at lower temperatures than steel. Any 
specific cast iron should be tested for 
hardenability, since poor results can be 
obtained even though the chemical com¬ 
position may be correct. 

Physical Properties of Flame-Hard¬ 
ened Parts 

Tables 1 to 4 give some cast iron 
and steel types which are successfully 
flame hardened, and contain data on the 
metallographic and mechanical properties 
obtained by flame hardening. Tables 1 
and 2 contain data relative to the surface 
hardness produced on representative steels 


and cast irons, using water or compressed 
air quenches. Since these data were taken 
under varying conditions of heating and 
quenching on objects of various sizes 
and shapes, they do not represent the 
maximum hardness obtainable for the 
various analyses. Table 3 illustrates the 
mechanical properties obtainable in flame- 
hardened surfaces. Table 4 indicates the 
structure produced by flame hardening at 
varying depths below the surface. A very 
gradual transition in hardness from the 
martensitic surface to the pearlitic core 
is obtained in flame hardening. 

Figure 5 indicates the relation of 
Vickers Hardness and depth of case in a 
typical flame-hardened steel part. 

Heat Treatment of Flame-Hardened 

Parts 

Large forgings and castings are normal¬ 
ized. annealed and stress relieved to im¬ 
prove the grain structure and reduce 
stresses which might cause distortion. 
High-quality gears are commonly furnace 

hardened to 250-300 Brinell to obtain the 

necessary strength in the core. Flame 
hardening the contact surfaces of the gear 
teeth to 400 Brinell or harder does not 
affect the tensile strength of the core 
except in a very shallow tempered zone 
under the flame-hardened area. 

Postheat treatment should be applied to 
parts which are subjected to high impact 
stresses in service to reduce stresses pro¬ 
duced by flame hardening. Such heat 
treatment generally consists of drawing 
or stabilizing at 350 to 500°F. It has 
*been found that in this temperature range, 
a considerable improvement in fatigue and 
shock resistance is obtained with very 
slight reduction in indicated hardness. 
The immediate application of a draw 
treatment may also prevent hardening 
checks or cracks when such defects are 
likely to occur. 

Distortion 

The amount of distortion encountered 
in flame hardening is usually of minor 
extent; in many instances, it is within 
usual manufacturing tolerances. 

There are two main effects which may 
produce distortion in a flame-hardened 
part. First, where progressive heating 
is used, the heated zone surrounded by 
a rigid cold mass of metal tends to upset, 
resulting in distortion of the part upon 
quenching. Secondly, due to the change 
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Table 1—Observed Flame Hardness of Various Steels 


Brincll Hardness 
Compressed 

SAE -Percentage Composition-- Air Water 

Number C Mn Cr Other Elements 0 Quench Quench 


• • 

0.35 

1.45 


• • 



500 

1040 

0.35 

0.80 


# • 



444 

1045 

0.45 

0.75 


• • 



555 

1055 

0.55 

0.74 


• • 



712 

1095 

1.00 

0.30 





7006 

51210 

0.12 

Forging Rolled 
Stock 

13! 00 

• • 


444 

444 

3140 

0.40 

0.80 

0.60 

1.25 

Ni 


540 

2330 

0.30 

0.68 

• • • 

3.48 

Ni 

• # • 

600 

4140 

0.40 

0.80 

0.95 

0.20 

Mo 

375 

525 


0.68 

0.75 

• • • 

0.34 

Mo 

• • • 

712 


0.90 

• • 

• • • 

0.25 

V 

• • • 

725 

6140 

0.40 

0.75 

0.95 

0.17 

V 

500 

• • • 


a Amount of P, S and Si typical of grade. 
i> Mild quench. 


Table 2—Observed Flame Hardness of Cast Irons 


Type 

of 

Iron 

r ' 1 ’ 

Total 

C 

Com¬ 

bined 

C 

Si 

-Percentage Composition- 

Mn P S 

Ni 

Cr 

Mo 

Brinell 

Hardness 

Water 

Quench 

Gray 

3.46 

0.76 

1.58 

0.76 

0.144 

0.083 

• • 

• • • 


540-600 

Gray 

3.44 

0.69 

1.51 

0.87 

0.194 

0.087 

• • 

• • • 


550-610 

Gray 

3.44 

0.77 

1.70 

0.75 

0.300 

0.085 

• • 

• • • 


550-615 

Meehamte A 2.97 

0.66 

1.62 

0.78 

• • • 

• • • 

Nil 

0.045 


500-605 

Meehanite C 3.04 

0.68 

1.65 

0.79 

• • • 

• • • 

Nil 

0.045 


500-620 

Gray 

3.22 

0.65 

1.73 

0.75 

0.212 

0.089 

• • 

• • • 

0^47 

560-635 

Gray 

3.15 

0.70 

2.00 

0.90 

• • • 

• • • 

1.37 

• • • 

• • 

525-575 

Gray 

3.30 

0.73 

1.34 

• • 

• • • 

• • • 

1.43 

... 

0.85 

550-605 

Gray 

3.19 

0.84 

1.22 

■ • 

• • • 

• • • 

1.11 

0.10 

0.76 

550-605 

Gray 

2.87 

0.84 

1.87 

• • 

• • • 

• • • 

0.18 

0.21 

• • 

560-610 


Table 3—Typical Composite Properties of Flame-Hardened Pretreated Steels 





■ 

1 ■ ■ 



i erccntage v^oinposiiion 



C 

0.34 

0.33 

0.42 

0.43 

0.35 

M n 

0.61 

0.62 

0.83 

0.57 

0.68 

Cr 

• • 

0.64 

• • 

• • 

0.93 

Ni 

1.75 

1.52 

• • 

3.60 


Mo 

0.25 

• • 

Core Properties 


• • 

0^21 

Tensile, psi. 

185,000 

130,000 

105,000 

135,000 

180,000 

Elastic limit, psi. 

175,000 

110,000 

75,000 

125,000 

160,000 

Izod, ft. lbs. 

35 

75 

Surface Hardness 

27 

69 

65 

Brinell 

555 

534 

514 

578 

627 


Table 4—Hardness and Constitution of Flame-Hardened Surfaces 


Type of 
Steel 


Percentage Composition 
C Mn Ni Cr Mo 


Brinell 

Hard¬ 

ness 


SAE 1050 

0 

.46 

0 

.69 

SAE 5140 

0 , 

.42 

0 . 

.71 

Mn-Mo 

0 . 

39 

1 . 

59 

SAE 3230 

0 . 

,29 

0 . 

56 

SAE 4340 

0 . 

36 

0 . 

60 

SAE 2340 

0 

36 

0 . 

70 

Ni-Cr-Mo 

0 . 

.32 

0 . 

56 


• • 

• • 

• • 

615 

• • 

1.05 

. # 

615 

• • 

• • 

0.31 

610 

1.52 

1.16 

• • 

610 

• • 

1.13 

0.31 

592 

3.34 

0.20 

• • 

585 

2.56 

0.72 

0.42 

555 


Nature of 

Hardened Surface 

Total 

Depth 

Depth 

Depth 

of 

of 

Affected, 

Marten¬ 

Troost- 

In. 

site 

ite, etc. 

0.130 

0.078 

0.052 

0.108 

0.084 

0.024 

0.111 

0.092 

0.019 

0.108 

0.080 

0.028 

0.108 

0.096 

0.012 

0.123 

0.086 

0.037 

0.134 

0.120 

0.014 
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in phase of the steel, a slight change in 
volume of the hardened steel occurs, again 
causing the piece to distort. The first 
effect tends to shorten the heated side, 
while the second tends to lengthen it 
somewhat. It is difficult to estimate these 
distortional factors for various steels and 
no general rule for predetermining the ex¬ 
tent of distortion can be given. 


distortion on test specimens has been re¬ 
duced 25 to 40% with little reduction in 
hardness. However, such treatment is 
time consuming. Occasionally, under well 
controlled conditions as by carefully con¬ 
trolling the quench in application, quantity 
and timing, the flame-hardening operation 
may be made to act in the final stages as 
a self-tempering treatment. 



DEPTH FROM SURFACE INCHES 

Fig. 5.—Hardness vs. Depth of Hardening in an SAE 1050 Shaft (7*/2-In. Diam.) 


Other factors which influence the inci¬ 
dence of distortion of a flame-hardened 
object to a minor degree include the analy¬ 
sis of the material used, the thickness of 
the material, the depth of hardness, the 
rate of quenching, and the design of the 
part. 

Furthermore, most cast and rolled ma¬ 
terials contain internal stresses, which 
upon heating will be partially relieved, 
resulting in warpage or distortion of the 
part. Difficulty from this source may 
usually be overcome by fully annealing 
before hardening to dissipate existing 
stresses. 

Distortion may be controlled to some 
extent by various expedients such as 
partially immersing the object in water, 
or by compensating for the expected dis¬ 
tortion by prebending in the reverse di¬ 
rection before hardening. 

When distortion does occur it is possible 
in many cases to reduce its severity by a 
stress-relief drawing treatment (temper¬ 
ing). Instances have been reported when 


On small parts it is advisable to rough 
machine, then flame harden the surface 
and, finally, finish grind the part, thus 
eliminating the small amount of distortion 
that may occur in the hardening operation. 

Equipment Used 

Torches used in flame hardening are 
similar in their design and function to 
welding torches. However, they are usu¬ 
ally of larger capacity, and for the ma¬ 
jority of flame-hardening work, water- 
cooled torches are necessary. For small 
work, ordinary welding torches are em¬ 
ployed. 

Flame-hardening tips or burners are 
mainly of multiflame design. They usu¬ 
ally require water cooling, since they 
must operate without backfiring for ex¬ 
tended periods within the heat zone, and 
the splash of the flame is often directed 
back toward the tip or burner.. Flame¬ 
hardening tips are generally designed for 
a specific application, although for certain 
types of work, tip and burner designs have 
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become fairly standardized. For example, 
a tip or burner for hardening shifter forks 
or locomotive valve links will require 
specially designed tips to conform to or 
reach the surface to be hardened, while 
in the case of a plane surface, a simple 
multiflame tip or burner will be satisfac¬ 
tory. The usual oxy-acetylene welding 
torches and tips are satisfactory for small 
work. Equipped with burners having two 
or more individual tips arranged in a 
common header, the use of oxy-acetylene 
welding equipment may be extended to 
handle a wide variety of small flame- 
hardening applications. 

In flame-hardening operations, the 
quench may be provided by various means. 
For use in progressive flame hardening, 
tips or burners are usually designed with 
an integral water quench. In some cases, 
the heating burner or tip is followed by a 
separate quenching stream. Other appli¬ 
cations are more conveniently handled by 
means of a water or oil immersion. 

Oxygen and acetylene are most fre¬ 
quently used for flame hardening, although 
propane and butane are also employed. 
An adequate gas supply is important in 
flame-hardening work, since it is essential 
to complete the operation without inter¬ 
ruption. Depending upon the size of the 
work and other factors, such as whether 
it is a single time or production operation, 
gas supplied from cylinders, manifolded 
cylinders or pipe lines may be used. Aux¬ 
iliary equipment, such as pressure regu¬ 
lators, hose and control devices, must be 
of adequate capacity to supply the gases to 
the tips at the required rate. 

Other auxiliary equipment includes car¬ 
riage-type machines for mounting the 
torches and tips and propelling them over 
the surface to be hardened. These ma¬ 
chines are identical in all respects with 
those used for cutting, and will not be 
described further. Cylindrical objects are 
usually handled by mounting the work 
between centers on a lathe and fixing the 
torch on the carriage in place of the usual 
tool post. Generally, auxiliary equipment 
for mounting the flame-hardening appara¬ 
tus and for holding the work must he de¬ 
signed to meet the needs of a particular 
application. 

Special flame-hardening machines to 
carry out the complete heating and 
quenching cycle are available for certain 
production operations. Gear-hardening 
machines arc the most common examples 


of this type of equipment. However, in 
many cases, flame-hardening machines 
must be built especially for the specific 
application. 

Common Applications 

Flame hardening is particularly suited 
to the hardening of small contact areas 
on large sections which cannot be hardened 
by the furnace method because of the size 
of the object and the resulting distortion. 
The use of expensive liners, bushings or 
raceways can frequently he avoided by 
flame hardening the contact surfaces only, 
leaving the remainder of the object un¬ 
distorted. The bearing surfaces of large 
gear teeth and roller or ball races are 
examples of such applications. Smaller 
objects can also be flame hardened eco¬ 
nomically when there is not a sufficient 
volume to warrant lighting a furnace for 
furnace treatment. 

The flame-hardening process is ex¬ 
tremely flexible as regards the size and 
shape of work that can be hardened with 
relatively simple portable equipment. The 
time required to flame harden is compara¬ 
tively very short, and since the harden¬ 
ing is done on finished surfaces, consider¬ 
able savings in machining and regrinding 
costs are possible. 

Typical applications of flame hardening 
are shown in the accompanying figures. 
Figure 6 shows the hardening of the lower 



Fig. 6.—Flame Hardening Lower Frame 

Casting for Power Shovel 
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frame casting used in a power shovel. 
The progressive method of hardening is 
being employed using tips having an in¬ 
tegral water quench. Only one tip is in 
operation in this photograph. Figure 7 
shows the hardening of sprocket teeth by 
the progressive method. The tips, which 
are designed to conform to the contour of 
the tooth face, are moved by mechanical 
means across the width of the tooth. The 
water quench is integral with the tips and 
can be seen behind the heating flames. 



Fig- 7.—Flame Hardening of Sprocket Teeth 

by Progressive Method 


In the right foreground can be seen an 
auxiliary cooling jet to prevent drawing 
the hardness of a previously hardened 
tooth. 

Flame hardening by the progressive 
spinning method is illustrated in Fig. 8. 
Four tips are used for heating the shaft 
which is spun beneath them. The tips 
are followed by a separate water quench. 

FLAME SOFTENING 

Principles of Operation 

When undesinable hardening occurs 
along a cut edge or from other working 
of steel, oxy-acetylene flames can be used 


either to prevent hardening or to temper 
an already hardened surface. 

The point where oxygen cutting pro¬ 
duces a hardened surface that may be 
detrimental subsequently has not been de¬ 
termined for all steels and for all appli¬ 
cations. Furthermore, the hardness which 
may be objectionable varies from one ap¬ 
plication to another. For structural steel 
for example, oxygen-cut edges generally 
are adequate for the service properties 
specified for the base metal, such as ten¬ 
sile strength and ductility. In other ap¬ 
plications, machinability may be the prime 
requisite. 

Softening Techniques 

The action of the oxy-acetylene flame 
in softening is identical to that in flame 
hardening and consists in rapidly heating 
the metal above the critical temperature. 
However, in the softening process, the 
quench is omitted and instead the part 
is allowed to cool slowly either in still 
air or packed in an insulating material, 
such as powdered asbestos, to retard the 
cooling rate. Because of the rapid heat¬ 
ing effect of the flame, differential soften¬ 
ing can be obtained as well as differential 
hardening. 

When oxygen cutting high-carbon steels, 
it is possible to use flame softening in 
conjunction with the cutting operation to 
prevent undue hardness. In such applica¬ 
tions flame softening may be used either 
as a preheat or a postheat treatment. 

In the preheat method, a heating tip or 
head (without water quench), similar to 
that used for flame hardening, is mounted 
along the line of the proposed cut ahead 
of the cutting torch. The heat imparted 
by the heating tip reduces the quenching 
action of the cold base metal. Preheating 
with the oxy-acetylene flame is limited 
to thicknesses of lVs in., heating from 
one side only, and to 3 in., heating from 
both sides. 

In the postheating method, the heating 
tips or heads are mounted immediately 
following the cutting tip. Sufficient heat¬ 
ing tips or heads are used so that the speed 
of softening is equal to the cutting speed, 
and both operations proceed simultane¬ 
ously. The flame-softening effect by post- 
heating is more complex than by preheat¬ 
ing, and combines a retarding action on 
the cooling rate with an actual softening 
effect on the already hardened surface. 

The temperature imparted to the plate in 
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postheating can be either above the Ai 
point (supercritical anneal) or below this 
point (subcritical temper). The thickness 
of plate that can be softened by the post¬ 
heating method is limited to approxi¬ 
mately IV 2 in., heating from one side only, 
and to 3 in., heating from both sides of 
the plate. 

At times it is not possible or convenient 
to flame treat and flame cut simultane¬ 
ously. When simultaneous treatment can¬ 
not be applied, the cut edge can be 
tempered by heating. This tempering 
operation may be performed at any time 
after the cut has been made, provided the 
material does not crack during or after 
cutting. Cut surfaces 12 in. wide have 
been softened by this type of treatment, 
but even this thickness is not the limit, 
because heating heads can be made to 
cover even wider surfaces. 


used for many years to restore ductility 
to auto body sheet which has been work 
hardened in deep drawing operations, heat 
from an oxy-acetylene hand torch being 
applied to deeply drawn areas. Some use 
of flame softening has been made in re¬ 
ducing hard spots on steel and cast-iron 
castings before machining as well as to 
produce softened areas that can be ma¬ 
chined on objects which have been heat 
treated to high hardness. Spot softening 
can be done for machine work such as 
cutting keyways, drilling holes, altering • 
hardened dies and cutting threads. 

FLAME STRENGTHENING 

In application, flame strengthening is 
practically identical with the flame¬ 
hardening treatment since hardness and 
tensile strength are parallel characteristics 



Fig. 8.—Progressive Flame Hardening 8-In. Diam. Shaft 


Equipment Used 

Standard torches, tips and heating heads, 
similar to those used for welding and 
flame hardening, are used for flame soften¬ 
ing. Flame-hardening equipment with 
included quenching jets is, of course, not 
applicable. The same fuel gases are also 
used. Auxiliary equipment is usually pro¬ 
vided as needed for each specific applica¬ 
tion. 

Common Applications 

The flame-softening process has been 


in steel. The purpose of flame strengthen¬ 
ing differs from flame hardening in that 
the intent is to strengthen parts locally in 
the regions which will have to withstand 
the most severe service conditions. The 
process is directed particularly at parts 
which are to be subjected to widely and 
frequently varying stresses conducive to 
failure by fatigue. 

FLAME CLEANING 

Flame cleaning has come into wide use 
in recent years for removing loosely ad- 
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hering mill scale and rust prior to giving 
steel its first shop coat of paint. It is 
also used to clean painted structures as a 
regular maintenance practice prior to re¬ 
painting rusted surfaces. 

The action of the flame-cleaning process 
is to remove by differential expansion the 
loosely adhering mill scale. This loose 
and semi-adherent mill scale by reason of 
its rapid expansion under the oxy-acety- 
lene flame is caused to crack and scale off. 
The heat of the flame also turns any 
moisture present into steam, accelerating 
the process of scale removal and at the 
same time drying the surface ready for 
painting. In the case of a previously 
painted structure, the oxy-acetylene flame 
also aids in burning off the old paint. 

Flame cleaning employs standard oxy- 
acetylene torches equipped with long ex¬ 
tensions and special multiflame heating 
tips furnished with hard-faced skids which 
bear against the plate to be cleaned. The 
tips required for broad surfaces are wide 
flat-type tips capable of treating a wide 
area in a single pass. Circular multiflame 
tips are used for confined, hard-to reach 
areas and for working around rivet heads, 
gussets and splice plates. 

Flame cleaning has found application 
for cleaning steel structures subject to 
various types of corrosive atmospheres. 
It has been used with excellent success to 
clean such diversified structures as water 


tanks and standpipes, railroad and high¬ 
way bridges, structural steel being readied 
in the fabricating shop in advance of 
receiving its shop coat of paint before 
shipment to the erection site, and the 
hulls of ships. 

FLAME STRAIGHTENING 

In flame hardening mention was made 
of the fact that heating on one side of 
an object tended to have the effect of 
shortening the heated side. This fact is 
made use of in flame straightening. It 
is employed to straighten weldments which 
have been distorted due to a previous 
welding operation, and to remove buck¬ 
ling in plates resulting' from a similar 
process. Flame straightening is also used 
to relieve rolling stresses in steel to re¬ 
store its intended straightness. 

FLAME SHRINKING 

Flame shrinking has been placed in op¬ 
eration as a successful process for re¬ 
ducing the length of eye bars in railroad 
bridges where, because of long periods of 
service and consequent wear, the pins 
no longer fit snugly. Flame shrinking 
uses the oxy-acetylene flame as a means 
for heating the eye bar, the metal of 
which is then upset by mechanical clamps 
and jacks temporarily fitted. 
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CHAPTER 27 


IRON, WROUGHT IRON AND CARBON 

STEELS* 


A. WROUGHT IRON 

GENERAL PROPERTIES 

Wrought iron is a two-component 
metal consisting of high purity iron base 
metal and iron silicate. The iron silicate 
takes the form of a glass-like slag. These 
two materials are in physical association, 
as compared with the chemical or alloy 
relationship which generally exists be¬ 
tween the constituents of other ferrous 
metals. 

The iron silicate or slag content of 
wrought iron varies from about 1 to 3 or 
372% depending upon the type or class 
of product. This constituent is distrib¬ 
uted throughout the iron base metal in the 
form of threads or fibers which extend in 
the direction of rolling. The slag fibers 
are distributed so thoroughly throughout 
the iron component that there may be 
250,000 or more to each cross-sectional 
square inch of finished material. This 
confers on the material a definitely fibrous 
structure which can be observed readily 
if a piece is nicked and fractured. A 
typical photomicrograph of wrought iron 
is shown in Fig. 1. Each of the two dis¬ 
similar materials that go to make up 
wrought iron has its own fusion tempera¬ 
ture. The iron base metal, because of 
its low metalloid content, fuses at a tem¬ 
perature of about 2730°F., which is some¬ 
what higher than the melting point of low- 
and medium-carbon steeLs. The slag 
component fuses at a temperature of about 
2200°F., or several hundred degrees lower 
than the base metal. 

The purity of the base metal gives 
wrought iron the ability to withstand 
higher temperature than other ferrous 

* Prepared by a committee consisting of N. L. 
Mochel, Westinghouse Electric Corp., Chairman; 
G. E. Doan, Lehigh University; J. B. Fullman, 
A. M. Byers Co.; G. Sach9, Cleveland, O. 


metals and, in general, it should be worked 
hotter for best results. Also, the protec¬ 
tion afforded the metal during heating 
by the fluxing action of the slag has a 
beneficial effect in producing sound welds. 
A typical analysis of wrought iron fol¬ 
lows : 

Carbon, % max..0.05 or under 

Manganese, % max.0.05 or under 

Phosphorus, %.0.10 to 0.15 

Sulfur. % max.0.04 or under 

Silicon, %.0.08 to 0.15 

Slag, %.1 to 3.5 



Fig. 1.—'Typical Microstructure of Wrought 

Iron 


Wrought iron can be welded easily 
by any of the commonly used processes, 
such as forge welding, resistance welding, 
metal arc welding, carbon arc welding 
and gas welding. The absence of the Ai 
point in wrought iron is of importance 
in reducing strains due to welding and in 
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eliminating air-hardening. However, in¬ 
ternal strains cannot be eliminated as a 
factor, and stress relieving of welded 
structures, particularly where heavy sec¬ 
tions are involved, is considered good 
engineering practice. Temperatures of 
700 to 800 °F. are usually sufficient to 
relieve stresses induced through expansion 
and contraction by the heat of welding. 
To avoid stress corrosion, stress relieving 
is particularly desirable for equipment that 
is to be used in certain types of service 
such as the handling of caustic solutions. 


heat, which corresponds to a temperature 
of about 2500 to 2550°F. Wrought iron 
is a soft metal and is easily deformed at 
these temperatures. 

When joining lengths of wrought iron 
pipe using upset welding, the best results 
are obtained by forcing the ends together 
with pressure that is just sufficient to 
produce a sound union. Excessive pressure 
usually results in pronounced upsetting ac¬ 
tion and localized thickening of the metal, 
which is frequently objectionable. A 
test or two are usually sufficient to enable 



Table 1 — 

-Manual Oxy-Acetylene Welding of Wrought Iron 



Thickness of plate, 









In. —► 

*/ 8 

»A 

Vs 

V 2 

Vs 

3 A 

Vs 

1 

Type of joint—► 

Single- 

Single- 

Single- 

Single- 

Single- 

Single- 

Single- 

Single- 


Vee 

Vee 

Vee 

Vee 

Vee 

Vee 

Vee 

Vce 

Angle (from per¬ 









pendicular) deg. 

30 

40 

40 

40 

40 

40 

40 

40 

Groove angle, deg. 

GO 

80 

80 

80 

80 

80 

80 

80 

Root opening start¬ 






ing end, in. 

Root opening (\H 

'/a* 

Via 

»/»a 

Via 

Via 

Via 

Via 

Via 

in. from starting 









end), in. 

*/« 

Via 

‘/a 

V 4 

•A 

v« 

•A 

'A 

Diameter of weld¬ 





ing rod 









1st side, in. 

>A 

Via 

V a 

V* 

'A 

v« 

‘A 

i/< 

Root side, 0 in. 

Vs 

Via 

Via 

Via 

Via 

»A 

1/4 

1/4 

Number of layers 






/ 1 

1st side 

1 

1 

1 

2 

3 

\\ 

4 

1 

0 

1 

Root side 0 

1 

1 

1 

1 

1 

1 

° When a double 
a root bead is used. 

weld is required, as 

for example 

under the 

ASM R 

Boiler Code, 

Par. U 

-08 or U-69, 


Noth: IJsc the tip size, oxygen and acetylene pressures recommended for mild steel of the same thick- 

n csSt 


ASTM Specifications for Wrought Iron 
Plates (Serial Designation A42) specifies 
the minimum requirements for the longi¬ 
tudinal mechanical properties of wrought 
iron plates produced by standard rolling 
operations as follows : 


Tensile Strength, min., psi. 48.000 

Yield Point, min., psi. 27,000 

Elongation in 8 in. min., % . 14 


There is no difficulty in obtaining welds 
in wrought iron with properties equal 
to those of the base metal. 

HOW TO WELD 

Forge and Resistance Welding 

When welding wrought iron by either 
forge or the resistance welding processes, 
the important point to keep in mind is 
that the metal must be worked at tem¬ 
peratures somewhat higher than steel. In 
forge welding, for example, wrought iron 
is worked at what is termed a sweating 


the operator to determine the proper 
amount of pressure to use. 

Gas Welding 

The procedure for welding wrought 
iron by manual oxy-acetylene welding is 
practically the same as that used in weld¬ 
ing mild steel of the same thickness. 
However, one important point to keep in 
mind is that the iron silicate or slag in¬ 
cluded in the metal melts at a temperature 
which is below the fusion point of the iron 
base metal. T he melting of the slag 
gives the surface of the metal a greasy 
appearance. This should not be mistaken 
tor actual fusion of the base metal and 
heating should be continued until the 
iron is fully melted. 

I he best oxy-acetylene welds are pro¬ 
duced when complete fusion is obtained 
without excessive mixing of the base metal 
and weld metal. Too much agitation of the 
molten metal causes the formation of 
oxides which may become entrapped in 
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the weld. Ordinarily, just enough of 
the metal should be fused to provide a 
sound bond with the deposited metal. 

The selection of the proper welding 
rod is important. Welding rods having 
a high carbon content or an alloy content 
intended solely to increase the strength 
of the deposited metal are not recom¬ 
mended. Filler metal conforming to 
Classifications GA60 and GB60 of the 
AWS-ASTM Specifications for Iron and 
Steel Gas-Welding Rods are suitable for 
welding wrought iron. 


welding speed and current are decreased 
slightly below those used for the same 
thickness of mild steel. A reduced speed is 
desirable because the pool of molten metal 
immediately following the arc is thereby 
kept molten for a longer period of time, 
making for greater elimination of the 
gases and affording the entrapped slag 
an opportunity to float out of the weld 
metal. The slightly lower current, partic¬ 
ularly in welding thin sections, prevents 
burning through the material. 

Excessive penetration into the base 


Table 2—Manual Shielded Metal-Arc Welding Procedures For Wrought Iron 


Thickness of plate, in. —► 
Type of joint —► 

Single- 

Vee 

. 7e 

Single- 

Vee 

. 72 

Single- 

Vee 

.78 

Single- 

U 

74 

Single- 

U 

7s 

Double- 

U 

1 

Double- 

U 

Angle from perpendicular, 








deg. 

30 

30 

30 

9 

9 

9 

9 

Groove angle, deg. 

60 

60 

60 

18 

18 

18 

18 

Radius, in. 

Root face, in. 

None 

None 

None 

V 4 

7 4 

7 4 

y 4 

0 to l /i« 

0 to */i« 

0 to */i« 

732 

7 32 

V 32 

Vl 2 

Root opening, in. 

Number of passes 

5 / 32 

3 

7s* 

4 

7 32 

5 

None 

6 

None 

s 

None 

Q 

None 

10 

Diameter of electrodes, in. 
Current, amp. 

7i« 

170 

7.6 

170 

7i« 

180 

7 n> 
180 

7w 

180 

V 

*/l« 

180 

7 18 

180 

Rate of travel of electrode, in. 




per min. 








1 st bead— 1 st side 

8 

H 

7 

7 



t) 

Intermediate beads— 1 st 





# 

1 w 


side 

Last bead—1st side 

5 

5 

• > 

5 

4 

m 

;> 

4 

5 

4 

5 

4 

5 

4 

1 st bead— 2 nd side a 

5 

f> 

4 

4 

4 

6 

6 

Intermediate beads—2nd 






side- 

9 % ^ 






5 

Last bead—2nd side a 

• • • 

• • • 

• • • 

• • 9 

• • • 

• 09 

• • • 

• • • 

4 

4 


a Not used unless a double weld is specified. 


When oxy-acetylene welding wrought 
iron, best results are usually obtained by 
using a neutral flame. A straight se¬ 
quence, wherein subsequent layers about 
'7io to V< in. high are deposited for the 
full length of the joint, or a cascade se¬ 
quence may be used. In using the cascade 
sequence for a plate c / 8 -in. thick, for ex¬ 
ample, the weld is started by depositing 
a root bead about l'A-in. long. A second 
bead is deposited over the root bead and 
extended about F /2 in. beyond it, forming 
a new root bead. The third bead com¬ 
pletes the weld for the first F /2 in., 
forms a second bead for the next 17s in. 
segment and a root bead for another 
IV 2 inches. The weld is completed by a 
continuation of this sequence. 

Satisfactory oxy-acetylene welding pro¬ 
cedures for wrought iron are shown in 
Table 1. 

Shielded Metal-Arc Welding 

In shielded metal-arc welding wrought 
iron, the best welds are produced when the 


metal should be avoided. The penetration 
should be no greater than that required 
to obtain a sound bond between the de¬ 
posited metal and the base metal, because 
excessive fusion tends to carry slag into 
the weld metal. Thorough cleaning of 
each bead of oxide or other accumulated 
surface coating prior to depositing sub¬ 
sequent beads is recommended to insure 
soundness of the deposited metal. 

Filler Metal .—In general, it is desirable 
to have the deposited weld metal as close 
in composition as possible to the wrought 
iron base metal. It should be recognized, 
however, that during the welding opera¬ 
tion, the metal deposited undergoes a 
change in composition and some of the 
elements such as carbon, manganese and 
silicon are lost through oxidation. Thus, 
the electrode should contain sufficient 
quantities of these elements to compensate 
for the loss during welding so that the 
resultant weld metal will closely approach 
the chemical composition of the base 
metal. It is suggested that electrodes 
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selected for welding wrought iron be in 
accordance with the requirements of 
the E60 Series of classifications of the 
AWS-ASTM Specifications for Mild Steel 
Arc-Welding Electrodes. 

Specifications for manual shielded metal- 
arc welding procedures for wrought iron 
are shown in Table 2. 

0 

Carbon-Arc Welding 

Carbon-arc welding has been used with 
very satisfactory results in welding 
wrought iron sections. The procedure 
is the same as that used for mild steel 
except that the arc voltages and currents 
should be slightly lower than those rec¬ 
ommended for mild steel. 


is to be used as a corrosion-resisting ma¬ 
terial. Selected ingot iron with specified 
copper contents is available. A typical 
analysis of ingot iron follows: 


Carbon, %.0.015 

Manganese, %.0.035 

Phosphorus, %.0.005 

Sulfur, %.0.025 

Silicon, %.0.003 


As would be expected, the photomicro¬ 
graph of ingot iron shows it to be pure 
ferrite as shown in Fig. 2. The basic com¬ 
position is quite similar to wrought iron 
which has, in addition, the slag stringers 
shown in Fig. 1 which develop the well- 
known fibrous structure of wrought iron. 


COMMON APPLICATIONS 

Fabrication of wrought iron piping by 
welding has increased in popularity each 
year, and welded coils are almost ex¬ 
clusively used in radiant heating systems, 
snow melting installations, skating rinks 
and in many industrial processes where 
heating or cooling coils are required. 
Large diameter wrought iron pipe, fab¬ 
ricated from plate for sewer outfalls, pen¬ 
stocks, etc., is usually welded. Beveled- 
end pipe is usually purchased, but no 
difficulty has been experienced in welding 
pipe cut in the field with a rotary cutter 
and reamed, as the cutter wheel imparts 
a slight bevel to the ends. Industrial 
applications include tanks, smokestacks, 
ballast deck plates for railway bridges, 
pier protection plates, trash racks and 
many other applications where welded 
wrought iron equipment is commonly 
used. Old wrought iron structures, such 
as bridges, may frequently be strengthened 
by welding, thus enabling them to carry 
present-day loads with safety. Orna¬ 
mental wrought iron and wrought iron 
furniture are commonly welded. 
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Fig. 2.—Typical Microstructure of Ingot Iron 

Ordinary steel has dark pearlitic areas 
besides the white ferritic grains. Of 
course these darker regions occur as a 
result of the presence of an appreciable 
amount of carbon; some five to ten times 
that found in ingot iron. 


HOW TO WELD 

In considering the welding of ingot iron, 
attention must be given to the mechanical 
properties of the material as outlined in 
Table 3. 


B. INGOT IRON 

GENERAL PROPERTIES 

Ingot iron is an open-hearth iron very 
low in carbon, manganese and other ele¬ 
ments. Like most pure metals, ingot iron 
is soft and malleable. In general, ingot iron 
has a total metalloid content of less than 
0.10%, exclusive of copper, which is con¬ 
sidered beneficial wherever the ingot iron 


Table 3—Average Mechanical Properties of 

Ingot Iron 


Ultimate tensile strength, psi. 

Yield strength, psi. 

Endurance limit (reverse bending) 
psi. 

Elongation in 2 in., % 

Reduction in area, % 

Modulus of elasticity, psi. 


45,000 

30,000 


20,000 

35 

73 

30,000,000 


As it contains practically no carbon, 
mgot iron will not harden as a result of 
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welding. No hardened heat-affected zone 
can exist. However, the critical work¬ 
ing range that appears between 1580 and 
1920°F. must be considered. Any hot 
fabrication should be done outside this 
range if checking or cracking is to be 
avoided. Because of its composition and 
very good ductility, ingot iron may be 
worked both at a white heat and at a 
dull red heat (below 1500°F.) without 
anv trouble. 

Because of purity, uniformity of grain 
structure and freedom from gas-forming 
metalloids, ingot iron possesses excellent 
welding characteristics. It may be joined 
by any of the common welding processes 
including the metal-arc, gas and resistance 
welding processes. 

Metal-Arc Welding 

When metal-arc welding is employed, 
it is desirable to use covered electrodes. 
As ingot iron is an extremely pure iron, 
its melting temperature is somewhat 
higher than the commonly used impure 
irons, or steels. Consequently, ingot iron 
must be worked hotter for the best results. 
To gain the increased heat, welding speeds 
are reduced slightly below those used for 
the same thickness of mild steel. 

Electrode choice may be made on the 
same basis as for mild steel. Where 
sheet less than Vs-in. thick is to be welded, 
all-position electrodes may be specified. 
For welding plates in the flat position, 
downhand electrodes may be used. 

Table 4 shows the welding rod and elec¬ 
trode diameters for welding various thick¬ 
nesses of ingot iron. Deviation from these 
sizes may be found advisable under some 
conditions of welding. 


Table 4—Recommended Filler Metal Sizes for 
Various Thicknesses of Ingot Iron 



Electrode 

Welding Rod 



Dia in. 

Dia in. 



( Metal-Arc 

(Oxy-Acety¬ 


Thickness of 

Welding), 

lene Welding), 


plate 

In. 

In. 

10 

ga. and lighter 

V.6 

'/16 

16 

ga. to i/s in. 

3 /s? or ‘A 

•A 

'A 

to 3 /ir in. 

5 /32 

5 /32 

Vu 

? to J A in. 

3 /l« 

Vis 

(1 A 

to 3 A in. 

•A 

'A 


Oxy-Acetylene Welding 

Oxy-acetylene welding ingot iron is 
quite similar to oxy-acetylene welding of 
low-carbon steel. Welding rods of the 
same analysis as the base metal will prove 


to be the most satisfactory. For an 
occasional welding job, shearings of the 
base metal may be used as filler metal 
although prepared rods are to be preferred. 

Resistance Welding 

Resistance welding includes all of the 
many processes such as spot welding, 
flash welding, upset welding, seam weld¬ 
ing, etc. The higher melting point of 
ingot iron compared with mild steel, and 
the decidedly greater heat conductivity, 
indicate the need for greater welding heat. 

C. CARBON STEELS 

GENERAL PROPERTIES 

Carbon steels are the steels which owe 
their properties chiefly to the presence 
of varying percentages of carbon without 
substantial additions of other alloying 
elements. They are so designated when 
no minimum content is specified or guaran¬ 
teed for such alloying elements as alumi¬ 
num, chromium, columbium, molybde¬ 
num, nickel, titanium, tungsten, vanadium 
or zirconium; when specified copper con¬ 
tents are below the specification minimum 
of 0.20# ; and when specified or guaran¬ 
teed manganese and silicon contents do 
not exceed 1.65# and 0.60# respectively. 

As a matter of convenience carbon 
steels are commonly designated as low- 
carbon steel, mediiun-carbon steel and 
higli-carbon steel. 

In general, low-carbon (or mild) steel 
is carbon steel containing 0.30# C or less 
by ladle analysis, medium-carbon steel is 
carbon steel containing more than 0.30# 
but not more than 0.45# C by ladl° 
analysis, and high-carbon steel is carbon 
steel containing more than 0.45# C by 
ladle analysis. Some of the low-carbon 
steels contain a minimum of 0.20# copper, 
and are known as copper-bearing steels. 
From the standpoint of welding, these 
steels require no special considerations 
not otherwise required for low-carbon 
steels. 

With the increased use of welding in 
different industries, material specifications 
have been developed to cover carbon 
steels suitable for welding. Such speci¬ 
fications have generally been developed 
to meet the needs of a particular industr} 
and they are therefore covered separately 
in the chapters of this Handbook dealing 
with specific industrial applications. 
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HOW TO WELD 

General 

The ability of carbon steel to be welded, 
other factors such as thickness, geometry 
of joint, etc., not considered, is a func¬ 
tion of its carbon content. While all car¬ 
bon steels can be welded by at least one 
process, in general, the higher the carbon 
content the more difficult it is to weld 
them and the more special the precautions 
required. 

Arc Welding 

All carbon steels can be welded by bare 
or shielded metal-arc welding. Where 
the carbon content does not exceed 0.30 
to 0.35%, depending on the thickness of 
the material, this material can be welded 
by any proper procedure which will assure 
proper penetration and fusion. As the 
carbon content increases it becomes neces¬ 
sary to apply preheat and postheat treat¬ 
ments and to maintain proper interpass 
temperature control. The high-carbon 
steels are only welded for very few 
applications, such as the repair of cracked 
or worn parts of high-carbon steel, or the 
joining of rail ends. 

Filler Metal .— For the low-carbon steels, 
mild steel electrodes of the E60 series 
of classifications may be used. These 
same electrodes may be used for medium- 
and high-carbon steels where tlie strength 
or other requirements permit their use. 
More recently so-called loiv-hydrott'n 
electrodes have been developed (E6015 
and E6016) and these have been helpful 
to some extent in reducing the amount 
of special precautions such as preheating 
and postheating required when welding the 
medium- and high-carbon steels. 

Gas Welding 

Gas welding carbon steels is very largely 
confined to the oxy-acetylene process, 
other fuel gases usually not providing a 
sufficient amount of heat. In addition to 
welding these steels with welding rods of 
similar composition, the method of welding 


known as braze welding, using nonferrous 
welding rods, is used. Braze welding is 
commonly used to repair broken or worn 
parts or to apply a surface layer of a 
metal having special properties for specific 
service requirements. Where preheating 
is necessary, this can frequently be ac¬ 
complished with the welding torch so 
that the temperature gradient can be made 
less sharp. 

Resistance Welding 

All of the resistance welding processes 
may be used for welding carbon steels. 

Carbon steel having a carbon content 
of 0.15% or less can be very readily spot 
and seam welded. \\ here the carbon con¬ 
tent is higher, special techniques, for which 
provision is sometimes made in the weld¬ 
ing cycle, are required. It is also possible 
to projection weld steels with higher car¬ 
bon contents, which might otherwise be 
difficult to spot weld, because of the 
greater concentration of heat and pressure 
afforded by the projections. 

Mash and upset welding may be used 
t<> weld the carbon steels over a very wide 
range of carbon content. 

Other Processes 

Brazing, forge welding, thermit welding 
and all of the other welding processes can 
he used to weld the low-carbon steels and 
the medium-carbon steels, with some pre¬ 
cautions. I hermit welding is commonly 
used to weld the high-carbon steels, as 
in rail welding, and forge welding is used 
to a lesser extent. 

Because the specific welding require¬ 
ments for a given application govern the 
welding procedure to be used and the 
limitations which may exist, more specific 
information on the welding of carbon 
steels has been included in the appropriate 
chapters covering industrial applications. 
More basic information on such aspects 
as metallurgy, design of joints, properties 
of j° mts ’ etc., and on the use of specific 
welding procedures will be found in chap¬ 
ters of this Handbook dealing with these 
subjects. 
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CHAPTER 28 


CAST IRONS AND CAST STEELS* 


A. CAST IRONS 


GENERAL PROPERTIES 

The term cast iron 'is applied to a 
wide variety of gray iron compositions 
which are defined in specifications as re¬ 
gards chemical composition and mechani¬ 
cal properties. ASTM Standard Specifi¬ 
cations for Gray Iron Castings classifies 
gray irons on the basis of tensile strength, 
in seven classes : 


Class No. 

20 

25 

30 

35 

40 

50 

60 


Minimum Tensile 
Strength, Psi. 

20,000 

25,000 

30,000 

35,000 

40,000 

50,000 

60,000 


Typical compositions of high strength 
cast irons as given in the 1948 edition 
of the Metals Handbook are shown in 
the following table: 


Navy Department Specification 46-I-6c 
for Gray Iron Castings lists three classes: 

(A) Light castings—Minimum ten¬ 
sile strength 18,000 psi. 

( B ) Medium weight castings— 
Minimum tensile strength 21,000 psi. 

(C) Heavy castings—Minimum ten¬ 
sile strength 24,000 psi. 

Cast irons for various uses are defined 
in the following ASTM Specifications: 

Designation Title of Specification 

A44 Pit-Cast Iron Pipe for Water and 

other Liquids 

A74 Cast Iron Soil Pipe and Fittings 

A126 Gray Iron Castings for Valves, 

Flanges and Pipe Fittings 
A142 Cast Iron Culvert Pipe 

A159 Automotive Gray Iron Castings 

A190 Gray Iron Castings, Light Weight 

and Thin Sectioned 

A278 Gray Iron Castings for Pressure- 

Containing Parts for Tempera¬ 
tures Up to 650° F. 

From the above, with particular refer¬ 
ence to the compositions of the high- 


Approx. 

Strength, 

Total 



-Chemical Composition, 

%- 


Mo 

Psi. 

C 

Si 

Mn 

S 

P 

Ni 

Cr 

50,000 

3.15 

2.25 

0.70 

0.10 

0.15 

1.00 

0.50 

0.80 

50,000 

3.05 

1.70 

0.75 

0.10 

0.20 

• • 

0.50 

0.50 

55,000 

3.05 

2.10 

0.80 

0.10 

0.10 

0.50 

0.90 

0.50 

60,000 

3.00 

2.15 

0.80 

0.10 

0.14 

1.60 

• • 

0.80 

70,000 

2.70 

2.30 

0.85 

0.08 

0.10 

0.80 

0.20 

1.00 


Navy Department Specification 46-1-9 strength cast irons shown, it is apparent 
for Gray Iron Alloy Castings (Scale that the wide variations as regards total 
Resisting) defines chemical composition carbon and percentage of the alloying ele- 
and the mechanical properties desired as ments, nickel, chromium, copper and 
follows : molybdenum control the tensile properties 


Total 

C 

2.00 

3.00 


Si, 

Max. 

1.25 

2.20 


P. 

Max. 

0.2 


S. 

Max. 

0.10 


►sition, % 

Mn 

Ni 

Cr 

Cu 

Tensile 

Strength, 

psi. 

Brinell 

Hardness 

0.8 

1.2 

2.0 

5.0 

25,000 

120 

1.3 

15.0 

3.5 

7.0 

25,000 

180 


* Prepared by a committee consisting of Bela 
Ronay, U. S. Naval Engineering Experiment 
Station, Chairman; L. W. Boelter, Climax 
Mfg^ Co.; C. E. Jackson, Union Carbide and 
Carbon Res. Labs.; R. J. Metzler, Handy and 
Harman; Gilbert S. Schaller, University of 
Washington; E. J. Wellauer, The Falk Co. 


of these alloys. General wear resistance 
of gray cast iron is a function of its hard¬ 
ness. Increased hardness is usually a func¬ 
tion of the combined carbon content. In¬ 
creased silicon content decreases resist- 
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ance to wear but increases resistance to 
acids; increased nickel content is associ¬ 
ated with increased tensile strength and 
resistance to corrosion. In general, cast 
irons, except those with high silicon con¬ 
tent, are not suitable for use with either 
concentrated or diluted acids but they are 
resistant to many alkaline and caustic solu¬ 
tions. The tensile strength of the common 
grades of cast iron is within the range of 
30,000 to 40,000 psi. Cast irons intended 
for use with the more severe corrosive 
solutions are alloyed with high percent¬ 
ages of nickel (13 to 14%), copper (4 
to 7%) and chromium (3V* to 5%). 
The yield point of all cast irons is not 
definite as in other ferrous alloys and, 
for practical purposes, it may be said that 
for gray cast irons the yield point and 
ultimate strength are coincident. The 
compressive strength of cast iron is from 
27a to 47a times greater than its tensile 
strength. The impact resistance of cast 
iron is generally low, particularly when 
the phosphorus content is at the maximum 
given in the applicable specifications. 
Regardless of the relatively low tensile 
properties of unalloyed cast irons and 
those wherein the alloying elements are 
present only in very small percentages, 
they still are important engineering ma¬ 
terials and find many applications, particu¬ 
larly under conditions of static loading 
and in the fabrication of lightly stressed 
process equipment, domestic machinery, 
gasoline engine blocks and in other appli¬ 
cations where long life is expected with¬ 
out severe thermal and mechanical shocks. 

HOW TO WELD 

Preparation for Welding 

Because of the special characteristics 
of cast iron, the arc- and gas-welding 
processes probably cover most of the mis¬ 
cellaneous welding applications. Thermit 
welding is used for repair of larger struc¬ 
tures. Preparing cast iron for arc or gas 
welding or torch brazing requires joint 
preparation by chipping, machining or 
sawing. The increased amount of free 
carbon at the weld zones is particularly 
objectionable when it is intended to arc 
weld the joint, and may be objectionable 
even for gas welding. A 90-deg. groove 
angle is applicable for either gas welding 
or torch brazing for thin-walled assem¬ 
blies. For heavier assemblies, the 90-deg. 
groove angle is satisfactory if a douhle- 


vee groove is used. Where the weld must 
be made from one side only, it is often 
advantageous to increase the groove angle 
to 120 degrees. For arc welding the 
groove angle is usually not more than 
60 degrees. The root opening must be 
sufficient to permit fusion with the root 
faces and the backing plate, and in thick- 
walled assemblies particularly, must be 
sufficiently wide to permit uninterrupted 
manipulation of the torch or electrode. 

Preheating. —The preheat temperature 
is greatly influenced by the chemical com¬ 
position of the casting. W hen the volume 
of the free carbon in the base metal is 
excessively high the amount of carbon 
which migrates into the weld metal may 
exceed that which it may hold in solu¬ 
tion. In such cases the excess carbon is 
precipitated at the grain boundaries thus 
weakening the weld metal, and causing 
shrinkage stresses which promote the 
development of cracks or fissures. Further 
complications as regard weldability occur 
when the sulfur content of the base metal 
approaches the upper limits allowed in the 
specifications, particularly when the phos¬ 
phorus content also is near the upper 
A preheat temperature of 200 to 
400 F. is usually sufficient to improve the 
performance of nickel core electrodes 
when the restraint is not too severe or 
when the weld can be completed in a few 
passes. 

Processes Used 

Arc H elding .—Carbon is present in 
cast iron in two forms, namely, as com¬ 
bined carbon, that is, carbon in solution 
as in steels, and as free carbon in the 
form of minute graphite flakes. The 
presence of the graphite flakes renders 
cast iron non-homogeneous and there¬ 
fore a brittle material with low ductility. 
As previously shown the ultimate strength 
of commercial grades of cast iron varies 
within the range of 20,000 to 60,000 psi. 
These factors require careful considera¬ 
tion when arc welding cast iron. 

As noted in Chapter 43 and elsewhere 
in this Handbook, arc welding produces 
longitudinal residual stresses in a weld 
approaching the yield point of the weld 
metal. For mild steel these stresses 
average 4.->,000 psi. and in a transverse 
direction the stresses average 15.000 psi. 

It must be borne in mind that mild steel is 
ductile and therefore it deforms in the 
course of welding, thus participating in the 
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absorption of the weld stresses by plastic 
deformation along and perpendicular to 
the weld zone. 

Since cast iron is not ductile and there¬ 
fore is not capable of plastic deformation, 
the base metal does not participate in 
the absorption of the weld stresses. 
Correspondingly, the requirement for the 
weld metal to absorb the shrinkage 
stresses is exaggerated in arc welding. 
For this reason, it is evident that welding 
of cast iron with mild steel electrodes 
is usually not practical. 

Cracks in castings are frequently re¬ 
paired by a method known as studding 
in which holes are tapped and drilled 
into the casting on each side of the frac¬ 
ture and studs screwed into these holes. 
A mild steel weld deposit is then made 
corresponding to a butt strap in a riveted 
splice. The basis of design for such 
a repair is similar to the basis of design 
for a riveted splice. The studs are 
spaced at approximately the same pitch 
as rivets and the shear strength of the 
joint is computed on the basis of the 
projected area between the studs and 
the fracture. The depth of tap is made 
to suit the stud used. Since the weld 
is stronger in tension than the cast-iron 
base metal, the thickness of the weld 
and the height of stud are appreciably 
less than the cast iron at the point of 
fracture. A typical repair by studding 
is shown in Fig. 1. The transverse 
strength of such joints when properly 
executed equals the shear value of the 
studs. Inasmuch as the weld metal 
often breaks away from the casting in 
course of cooling, these joints are seldom 
reliable for tightness against fluids or 
gases. 



At present nickel core electrodes are 
often used, particularly for maintenance 
work. Their prime virtue is the relatively 
low yield point of cast nickel, which is 
the weld metal deposited by them. While 
these electrodes are satisfactory for many 


applications, the metal deposited by them 
is susceptible to cracking in thick sections, 

particularly when the weld is restricted 
considerably. 

When welding with nickel core elec¬ 
trodes, d.c., reverse polarity is used at 
the lowest practical current values. The 
weld increments should be not more than 
3 inches. When no preheating has been 
applied, the interincrement temperature 
must be kept below 200°F. When pre¬ 
heating is applied, the interpass tempera¬ 
ture must be strictly observed. The weld 
metal deposited from nickel core electrodes 
does not give full color match. The weld 
metal is readily machinable and partic¬ 
ularly in thin sections it does not render 

the weld zone of the base metal 
unmachinable. 

Cjqs Ji elding .—By the use of gas weld¬ 
ing, both of the shortcomings of cast 
iron as regards lack of ductility and its 
consequent inability to resist thermal 
stresses can be successfully overcome. 
To gas weld successfully, it is necessary 
to reduce the existence of sharp thermal 
gradients between the weld zone and 
the mass of the weldment. This require¬ 
ment often limits the application of gas 
welding and it is preferable to preheat 
the entire casting to be welded even 
at times when this requires the con¬ 
struction of a special furnace. Exceptions 
to the requirement of total preheating 
are thin sections which are wholly un¬ 
restricted. 

The normal welding procedure for 
gas welding is to preheat the weldment 
to a temperature within the range of 
750 and 900 °F. 

Preheating is performed in various 
ways, depending upon whether a single 
weldment, as in maintenance, or syste¬ 
matic production, as in salvage plants, 
is involved. For small objects weigh¬ 
ing less than 25 lb., preheating by the use 
of welding torches is satisfactory. Larger 
objects may be preheated by the use of 
fuel oil or aspirator-type gas. burners 
or charcoal furnaces or by induction 
heating. Figure 2 shows a portable in¬ 
duction furnace for preheating and stress 
relieving cast-iron engine blocks which 
are repaired by gas welding. This design 
was employed for the preheat and post¬ 
heat treatment of Diesel engine exhaust 
headers in a large salvage plant operated 
during the war by a Xaval activity. 
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Welding is performed using a neutral 
flame and applying a cast-iron welding 
rod with the backhand technique. Flux¬ 
ing is employed sparingly as warranted 
by the presence of impurities, or to 
increase wetting of the deposit. While 
there are prefluxed welding rods avail¬ 
able, most welders prefer to apply flux by 
dipping the hot welding rod into the 
flux and transferring the flux into the 
weld as required to overcome momentary 
difficulties. Medium or high velocity 
torch tips of the same kind used in 


casting, or as much of it as practicable, 
must be covered with suitable high 
temperature insulating material, such as 
asbestos cloth or paper, to prevent sudden 
chilling of the weld zone or in the case 
of weldments of considerable mass the 
development of severe thermal gradients. 

For fully restrained welds, for welds 
intended for severe service and when the 
weldment is to be subject to machining 
to close tolerances, it is necessary that 
the welds be thermally stress relieved. 
The general practice in stress relieving 



Fig. 2 .—Induction Furnace for Preheating and Postheating Engine Blocks 


welding wrought steel are preferred to 
the low-velocity, bulbous-flame type 
which is used in welding nonferrous 
metals. In actual deposition of the weld¬ 
ing rod, the inner cone of the flame is 
directed against the tip of the welding 
rod melting it off at the rate indicated 
by the wetting of the deposited metal. 
The preferred technique is to deposit the 
weld in layers not exceeding */b-in. thick. 
The filler metal used is cast iron in 
the shape of square or round cast bars. 
The composition of these welding rods 
is usually controlled so that their melt¬ 
ing point is at the lowest level practi¬ 
cable and so that they are free of noil- 
metallic inclusions, and low in both 
phosphorus and sulfur. 

On completion of the weld, the entire 


welded cast-iron structures is to apply 
the postheat immediately upon completion 
of the weld, raising the temperature at 
a rate which permits uniform heat ab¬ 
sorption over the entire mass of the 
structure to 1100-1150°I'., and holding 
the weldment at that temperature for 
not less than 1 hr. per in. of thickness. 
Even greater care must be exercised in 
cooling the weldment and the cooling 
rate should not exceed 50°F. per hr. 
until the weldment has cooled at least 
to 700 °F. Proper cooling may usu¬ 
ally be accomplished by leaving the 
weldment to cool in the stress-relief fur¬ 
nace. (For further information on stress- 
relief heat treatment see Chapter 43.) 

Color matching in gas welding is very 
good, machinability is good and when 
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stress relieved the casting may be even 
more serviceable than it was prior to 
the heat treatment. 

Braze Welding. —For certain applica¬ 
tions where the weldment is not subject 
either to atmospheric or electrolytic cor¬ 
rosion or to thermal stresses, such as 
gears and certain engine or machine 
frames, cast iron may be repaired by 
braze welding using a nonferrous filler 
metal, such as Naval brass (usually 60% 
Cu, 39.25 Zn, 0.75 Sn). The advantage 
of using nonferrous filler metals is that the 
melting point of these nonferrous mate¬ 
rials is several hundred degrees lower 
than that of cast iron. Therefore, the work 
can be accomplished using lower heat in¬ 
put. Also the rate of deposition is greater 
permitting speedier completion of the 
work. In addition, by virtue of the low 
yield point of the nonferrous filler metal, 
the development of thermal stress on com¬ 
pletion of the weld is less severe; there¬ 
fore, control of the cooling rate is less 
critical and stress-relief heat treatment 
is not required in most cases. Obvi¬ 
ously, there is no color match; however, 
machinability of the weld zone is not af¬ 
fected and may be even improved. The 
strength of the joint is fully comparable 
to that obtained with cast-iron filler metal. 

Brazing 

Ordinarily it is not possible to secure 
a satisfactory high-strength bond by 
brazing cast iron to cast iron or to other 
metals using silver brazing alloys. The 
primary difficulty is the presence of con¬ 
stituents in the cast iron which will 
prevent bonding or, in some cases, even 
wetting of the surface. Principally, 
graphitic carbon, but also the high silicon 
content and included sand particles, will 
do just that. Considerable success is be¬ 
ing obtained with a proprietary electro¬ 
chemical method of surface cleaning. In 
this process the objects are immersed in 
a catalytic salt bath and by alternately 
reversing the polarity, oxidation and re¬ 
duction occur in successive cycles. The 
treated surfaces are free of dirt, oxides, 
graphite or silicates, hence fully suitable 
for brazing. 

Thermit Welding 

Thermit welding of cast iron is applied 
to heavy structures such as machinery 


bases or frames. Thermit welding is de¬ 
scribed in detail in Chapter 19. 

Although the weld metal is steel, both 
it and the weld zone of the base metal 
are usually machinable by reason of the 
slow cooling obtained with this process. 
There is good color matching and if 
preheating is properly controlled the 
warpage is not substantial. The success 
of the operation depends on the judicious 
preparation of the fracture as regards 
the volume of metal removed and the 
application of preheating to those mem¬ 
bers of the structure which may otherwise 
produce restraint on the weld. The 
success of the operation is not always 
predictable even though the above pre¬ 
cautions are taken. 

Other Processes 

Several non-welding methods using both 
metallic and nonmetallic fillers are in use 
for minor cast-iron repairs. These are 
described in the AWS Recommended 
Practices for Salvaging Automotive Gray 
Iron Castings. 

COMMON APPLICATIONS 

The earliest application of cast iron as an 
engineering material was for low-pressure 
steam engines. At present the foremost 
application of cast iron as an engineer¬ 
ing material is in the form of gasoline 
engines. The greatest tonnage of cast- 
iron products is represented by soil pipes 
and other cast-iron pipe products used by 
the processing industries. Cast iron is an 
important material in the fabrication of 
chemical equipment, in the form of leach¬ 
ing kettles and shells of heat exchangers. 
Cast-iron machine parts form the greater 
portion of various types of industrial 
machinery used in weighing, packaging, 
conveying, printing machines and many 
other applications where the prime require¬ 
ment is resistance to atmospheric cor¬ 
rosion and wear, rather than high fatigue 
value. Another important application of 
gray cast iron is for frames of large ma¬ 
chines functioning at slow production 
rates. By reason of the appropriate 
damping characteristics of cast iron, it is 
a preferred material for machine bases 
and machine tools. This property is 
being exploited by the use of low-alloy, 
cast-iron crankshafts and camshafts in 
automotive and Diesel engines. Figure 
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3 shows a cast-iron Diesel engine ex¬ 
haust head which has been repaired by 
arc welding. Figure 4 shows a cast-iron 
compressor head repaired by gas welding. 

Cast iron is the most commonly used 
material in the fabrication of domestic 
heating plants, heat exchangers and 
radiators. Cast-iron valves in all sizes 
are used in cast-iron pipe lines. Cast 


iron is still employed, though not as 
frequently as in the past, for ornamental 
purposes in building contruction in the 
form of sculptural plaques, grills, mar¬ 
quees, fences and gates. Owing to its 
long life cast iron is regarded as a 
good building material, although its use 
is limited to ornamental purposes, and 
for lighter columns such as Tally columns. 



Fig. 3.—Cast Iron Diesel Engine Exhaust Head Repaired by 

Arc Welding 



Fig. 4. 


Iron Compreaaor H.«d R.pair.d by Gao W.ldina 
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B. CAST STEELS 

GENERAL PROPERTIES 

The wide variation of the chemical com¬ 
positions of cast steels renders it practi¬ 
cable to produce steels having mechanical 
properties of correspondingly wide range. 
The A STM requirements for steel cast¬ 
ings are expressed in grades denoting 
mechanical properties without reference 
to chemical composition. These require¬ 
ments are as follows: 



Tensile 

Yield 

Elonga¬ 


Strength, 

Point, 

tion in 2 

Grade 

Psi. Min. Psi. Min. 

In., % 


ASTM A27 

- 46T 


60-30 

60,000 

30,000 

24 

65-35 

65,000 

35,000 

24 

70-36 

70,000 

36,000 

22 


ASTM A148 

- 46T 


80-40 

80,000 

40,000 

18 

80-50 

80,000 

50,000 

22 

90-60 

90,000 

60,000 

20 

105-85 

105,000 

85,000 

17 

120-100 

120,000 

100,000 

14 

150-125 

150,000 

125,000 

9 

175-145 

175,000 

145,000 

6 


The following ASTM specifications list 
steel castings for various purposes: 

A128, Austenitic-Manganese Steel 
Castings 

A217, Alloy-Steel Castings Suitable 
for Fusion Welding for High Tempera¬ 
ture Service 

A157, Alloy-Steel Castings for Valves, 
Flanges and Fittings for High Tem¬ 
perature Service 

A148, Steel Castings, High-Strength 
for Structural Purposes 

A296, Corrosion Resistant Iron- 
Chromium and Iron-Chromium-Nickel 
Alloy Castings for General Application 

A297, Heat-Resistant Iron-Chro¬ 
mium and Iron-Chromium-Nickel 
Alloy Castings for General Application 

A216, Carbon-Steel Castings Suit¬ 
able for Fusion Welding for High Tem¬ 
perature Service 

A27, Carbon-Steel Castings, Mild 
to Medium Strength, for General 
Application 

A95, Carbon-Steel Castings for 
Valves, Flanges and Fittings for High 
Temperature Service 

B190, Chromium-Nickel-Iron Alloy 
Castings for High Temperature Service 

B207, Nickel-Chromium-Iron Alloy 
Castings for High Temperature Service 

The Navy Department has the following 
specifications for steel castings: 


49S1(INT)—Steel Castings 

46S33 Steel—Alloy, Molybdenum 

Castings 

The properties of cast steels are a 
function of their composition. Resistance 
to wear is obtained by the use of castings 
having a carbon content in excess of 
0.40% and containing one of the following 
alloying elements: chromium, aluminum, 
nickel-chromium, chromium-vanadium and 
manganese. Corrosion-resisting properties 
are imparted to cast steels by alloying 
them with chromium and nickel and heat 
resistance up to 1000°F. by additions 
of chromium, tungsten, molybdenum and 
titanium. In general the weldability of 
cast steels is comparable to that of wrought 
steels with variations according to the 
chemical composition of the steel. 

HOW TO WELD 
Arc Welding 

Ferritic Steels .—While it may be cat¬ 
egorically stated that all cast ferritic steels 
are weldable, it must be acknowledged 
that the quality of the joint produced by 
arc welding may not be always satis¬ 
factory for the purpose intended. The 
possible deleterious thermal effects of 
welding can be avoided so that the weld 
metal will have mechanical properties 
comparable to the unaffected base metal 
by the use of proper welding procedures. 
For many cast steels the welding pro¬ 
cedure would include preheat and post¬ 
heat treatments. Sometimes a postheat 
treatment, such as normalizing or quench¬ 
ing and tempering, which is suitable for 
restoring the properties of the base metal 
in the heat-affected zone can adversely 
affect the weld metal, which, owing to 
its low-carbon content (usually 0.12% 
max.) may not respond to heat treatment. 

In welding low-alloy steels, the general 
practice is to employ a filler metal having 
mechanical properties equal to those of the 
base metal regardless of differences in 
chemical composition. In addition to 
matching the mechanical properties of the 
weld and base metals at room temperature, 
it is often important, particularly for 
weldments intended for high temperature 
service, that properties affecting service 
at elevated temperatures such as coeffi¬ 
cient of expansion, rupture strength and 
creep strength also be matched. To 
accomplish this it is often necessary to 
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use tiller metal having a chemical com¬ 
position very similar to the chemical 
composition of the base metal. 

Welding techniques and procedures for 
manual, automatic and semi-automatic arc 
welding applicable to wrought steels also 
are applicable to cast steels. Selection of 
the filler metal as discussed above is a 
function of the intended service of the 
weldment, and also whether welding can 
be performed in the flat or in other weld¬ 
ing positions, whether welding is to be 
done in deep or shallow grooves or 
fillet welds are to be used and whether 
the steel is subject to underbead cracking. 
Other considerations, such as poor fit-up, 
represented by loosely applied backing 
plate within a complex casting, also 
influence the selection of the filler metal 
used for the initial passes of the weld. 
The joint preparation and design for cast 
steels are in all respects suitable for 
welding wrought materials. Chamfering 
may be accomplished by chipping and 
machining, even grinding or oxygen cut¬ 
ting for low-carbon steels. Grinding or 
oxygen cutting on air-hardening steels is 
not advisable, even though preheating is 
applied prior to oxygen cutting. A 
higher carbon content usually will in¬ 
crease hardcnability which as a rule 
requires an increase in the preheat level. 
Similarly the postheat treatment too may 
he modified either by increasing the 
postheat temperature over that used for 
the lower carbon material or by increas¬ 
ing the time of heat treatment and 
maintaining the temperature level. Proper 
procedures of preheating and post-heat¬ 
ing may be determined empirically or 
by experience. A method of determining 
the applicable stress relief treatment, 
based on determination of the minimum 
temperature at which a heated beam 
under an applied static load suffers 
permanent deformation at an extreme 
fiber stress of 3000 psi., is given by B. 
Ronay (see Bibliography). 

Austenitic Steels .—Austenitic steels are 
weldable by arc-welding procedures in the 
same manner as wrought ferritic steels. 
However, owing to the high coefficient 
of expansion of many of the chromium- 
nickel type austenitic steels, and the rela¬ 
tively low thermal conductivity of these 
materials, arc welding, particularly as it 
is applied in maintenance and salvage work 
of heavy sections, does not often result in 
the production of sound deposits. Owing 


to the above conditions, it is often neces¬ 
sary in welding heavy sections to depart 
from the usual procedure of employing 
filler metal of matching composition and 
employ electrodes depositing weld metal 
whose coefficient of expansion is at vari¬ 
ance with that of the base metal to a de¬ 
gree sufficient to overcome the shortcom¬ 
ings. 


Cast austenitic steels are generally em¬ 
ployed for high temperature service and 
corrosion resistance. For this reason, 
selection of the filler metal is usually more 
critical than for welding ferritic steels, 
even though the latter are- sometimes em¬ 
ployed in high temperature service as in 
steam pipe lines. The properties of the 
austenitic steels, whether resistance to the 
erosion of high-temperature gases or the 
corrosive action of acids, are a function 
ot their composition. Slight variations 
of the alloying elements in the weld metal 
trom those of the base metal, usually 
permissible with ferritic materials, are 
seldom tolerated with austenitic steels. 
In other respects as in the selection of 
fillei metal, joint design and preparation, 
as well as the welding techniques appli¬ 
cable to each electrode type or automatic 
or semi-automatic welding method, the 
welding procedures for cast steel are fully 
comparable to those employed in welding 
wrought steels of corresponding compo¬ 
sitions (see Chapter 31 A). While in 
general no preheating is required in weld¬ 
ing the plain nickel-chromium type aus¬ 
tenitic alloys, preheating is often bene¬ 
ficial and at times mandatory in welding 
the more complex types. The application 
of postheat treatment for austenitic weld¬ 
ments is not as common as for ferritic ma¬ 
terials. Most austenitic materials, ex¬ 
cept those which develop their high tem¬ 
perature properties by precipitation hard- 


hi me structural 
changes which ferritic steels undergo 
during the welding cycle. For this reason 
postheat treatment, which when applied to 
tcrritic steels is intended, in part, to 
temper the hardening zone, is not justified 
1 ostheat treatment at temperatures com¬ 
monly used for ferritic steels to remove 
or reduce residual stresses is ineffective 
or most austenitic nickel-chromium steels, 
because the yield points of these steels 
are not considerably lowered at those tem¬ 
perature levels. When stress-relief heat 
treatment is desired and is applicable, the 
effective procedure for most nickel-chro- 
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mi uni austenitic steels is to heat to 2000°F. 
and quench. Obviously, this type of treat¬ 
ment is not suitable for localized applica¬ 
tions. 

Dissimilar Combinations .—Fabrication 
procedures often employ cast austenitic 
and ferritic steels in combination or cast 
austenitic materials combined with 
wrought ferritic steels. Each of these 
combinations represents an individual 
problem which must be evaluated employ¬ 
ing such considerations and investigations 
as the character of the intended service 
warrants. Data are available concerning 
the successful .welding and satisfactory 
service of weldments of the above types of 
combinations. The complexity of such 
welds as regards metallurgical and stress 
considerations renders a detailed discus¬ 
sion thereof beyond the scope of this 
chapter. 

Austenitic Manganese Steels .—The 
physical properties of austenitic manganese 
steels (the so-called 14% manganese, 
Hadfield steels) are developed by a heat 
treatment consisting of quenching at about 
1600°F. When this material is heated 
to or above the upper limit indicated for 
quenching, and is permitted to cool slowly 
at rates lower than that obtained in 
quenching, it becomes martensitic, a con¬ 
dition which renders it too brittle to be 
suitable for use for the applications for 
which it is intended in the austenitic form. 
Obviously, in arc welding, depending on 
the mass of the weldment, the desired 
quenching rate is not obtainable, and thus 
welding of these austenitic steels is prob¬ 
lematical to a considerable extent. In 
the lighter gages, not exceeding 0.075 in., 
they can be welded obtaining reasonable 
joint efficiency and ductility at the fusion 
zones, employing either austenitic man¬ 
ganese or chromium-nickel-manganese 
(18—8—4) steel electrodes. When the 
thickness of the austenitic steel base metal 
exceeds 0.075 in., sound welds may be 
produced using the above type electrodes. 
However, the joint efficiency and the duc¬ 
tility are no longer comparable with those 
obtained for the lighter thicknesses. Man¬ 
ganese steel castings 3 /s-in. thick and 
heavier have been welded using the above 
type austenitic nickel-chromium electrodes 
in which on testing, failure occurs at the 
reduced tensile strength of the heat- 
affected zone. 

Overlaying of cast manganese steel 
frogs and cross-overs is a standard pro¬ 


cedure using austenitic manganese steel 
electrodes, often in bare wire form. The 
service itself furnishes work hardening, 
through which these materials develop 
mechanical properties comparable to those 
obtained through suitable heat treatment. 

See Chapter 31B for further information 
on austenitic manganese steels. 

Gas Welding 

General .—Although metallurgical con¬ 
siderations permit the gas welding of all 
varieties of cast steels for which arc weld¬ 
ing is applicable, the use of gas welding 
for cast steels is governed by economics, 
particularly for heavy sections. Another 
limiting factor is the necessity of applying 
a high degree of preheat which is diffi¬ 
cult when welding heavy sections owing 
to the physical discomfort of the welder 
from exposure to the heat during welding. 
Gas welding of cast steels in thin sections, 
when economic considerations justify its 
use, is often done using the same type of 
weld preparation and technique as for ga> 
welding wrought steels. The usual prepa¬ 
ration for gas welding is the same as for 
cast iron, requiring a wider groove angle 
than that employed in arc welding, to per¬ 
mit free and unrestricted manipulation of 
the weld torch, particularly in* depositing 
the root passes. As in welding cast iron 
it is advantageous to employ high velocity 
torch tips and use the backhand technique. 
However, unlike welding cast iron, cast 
steels are welded without the use of flux. 
The usual flame adjustment is neutral. 
As gas welding is applied at a slower rate 
of progression than arc welding the heat 
dwell is prolonged exaggerating metal¬ 
lurgical changes which occur at the fusion 
zones, particularly as regards grain 
growth. However, the same slower rate 
of progression and increased heat dwell 
are beneficial in some instances in that 
they reduce the cooling rate and prevent 
the development of underbead cracking. 
Gas welding, regardless of the lack of eco¬ 
nomical justification, is often applied to 
steels of excessive air hardening owing to 
elimination of the necessity for preheating 
whereby freedom from cracking is auto¬ 
matically assured. Gas welding is particu¬ 
larly applicable to such small castings as 
special fittings used in steam lines. 

Ferritic Steels .—Gas welding is fully 
applicable for joining cast, ferritic steels. 
However, economic considerations sel¬ 
dom justify its use except for thin sec- 
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tions. In addition to the economic factor 
there is the practical consideration of the 
inconvenience of the operation when ap¬ 
plied to heavy sections and large masses 
of metal. 

Austenitic Stalls .—While gas welding 
of austenitic steels in the wrought state 
and in the form of light gage sheet or 
tubing is often done, it is seldom used 
for cast austenitic steels unless the thick¬ 
ness of the casting is very small. As 
mentioned above, the heat dwell in gas 
welding is rather extended and since a 
number of the chromium-nickel austenitic 
steels, even in the stabilized form, are 
prone to precipitate chromium carbides at 
the grain boundaries when they are ex¬ 
posed to the temperature range of 800 to 
1200°F., gas welding, particularly of heavy 
sections, is not recommended when re¬ 
tention of the corrosion resistance of the 
heat-affected base metal is necessary. 

Brace Welding .—Cast ferritic steels are 
trequently braze welded particularly as a 
maintenance or salvage operation. Braze 
welding is used for production in the fabri¬ 
cation of certain devices assembled from 
many intricate parts, such as pressure 
regulators for steam lines. The braze 
welding techniques for cast steel are the 
same as those used for cast iron except 
that edge preparation by grinding or oxy¬ 
gen cutting is satisfactory for cast steels 
having a carbon content of less than 
0.35%. As with cast iron, a double-vee 
groove is preferred to facilitate mainte¬ 
nance of alignment, the groove angle be¬ 
ing 90 to 120 deg. depending on the mate¬ 
rial thickness; the thicker the material the 
wider the angle. 

The filler metal used is Naval brass, 
the same as for cast iron, with small ad¬ 
ditions of other elements to render it non¬ 
fuming. Preheating may often be re¬ 
stricted to the weld zone and the tempera¬ 
tures used are in the range of 800 to 
900° F. Bulbous-type torch tips and a 
forehand technique are used. Welding 
can be done in all positions so that heavy 
trame members can be repaired without 
being dismantled. Deposition of the weld 
in layers not more than 7*-in. thick will 
assure freedom from porosity and will 
develop a grain structure beneficial 
toward maximum ductility and tensile 
strength of the weldment. 

The joint efficiency of a braze-welded 
joint is relatively low ; although the ten¬ 
sile strength of the deposited weld metal 


averages between 56,000 and 60,000 psi., 
its yield point is considerably lower than 
that of annealed mild steel. As with cast 
iron, braze welding of cast steel must be 
confined to applications where the joint 
is not exposed to atmospheric or electro¬ 
lytic corrosion and where there is no possi¬ 
bility of failure due to thermal stresses 
resulting from the significant difference 
between the coefficient of expansion of the 
copper-base welding rod and the ferritic 
steel base metal. 

Flash Welding 

Mild, medium-carbon and some of the 
low-alloy cast steels, whose air-hardening 
tendency is not excessive, can be flash 
welded effectively. The more complex 
alloy steels, particularly those which are 
highly air hardening, offer certain diffi¬ 
culties in that the zone of fusion in these 
materials is not amenable to heat treat¬ 
ment, thus rendering such weldments un¬ 
suitable for applications subject to cyclic 
loading at stress levels which may exceed 
the fatigue value of the weakened weld 
zone. (Flash welding is described in de¬ 
tail in Chapter 17.) Preparation for 
flash welding may be by oxygen cutting, 
executed with the maximum accuracy ap¬ 
plicable. The preferred method of prepa¬ 
ration is machining. When the members 
to be joined are mounted on the machine, 
the two surfaces opposite one another are 
parallel within a reasonable accuracy of 
scale dimensions. In designing machine 
parts to be joined by flash welding, care 
must be taken to allow for the amount to 
be flashed off. This amount is variable, 
being a function in part of the cross- 
sectional area, the available power input 
and the composition of the steel. While 
data are available concerning the lengths 
required for flashing off for various cross- 
sectional areas, the optimum is best de¬ 
termined by empirical means or experi¬ 
ment for each application. 

The metallurgical changes occurring in 
the weld zones of the flash-welded joint 
are comparable to those which occur in 
arc welding, except that the heat effect, 
owing to the longer current dwell, is ex¬ 
aggerated as regards grain growth and 
extent of heat-affected zone. As previ¬ 
ously indicated, postheat treatment, which 
might be of a localized nature as in welded 
pipe joints, may be applied to eradicate 
the effects of the thermal cycle of flash 
welding and restore the heat-affected zone 
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to a grain structure comparable to that 
of the unaffected portions of the assembly. 
However, such treatments are not effective 
for the more complex compositions. 

As flash welding is most suitable for 
structures of simple geometry such as 
tubes, rounds and squares, it is not readily 
adaptable for assembling castings whose 
contours are intricate and include abrupt 
changes of crosssection or other forms 
of unsymmetrical mass distribution. These 
considerations also render flash welding 
unsuitable for joining members of unequal 
cross-sectional area when the ratio of the 
two cross sections is large in that the 
energy input required to heat the heavier 
member of the joint may be excessive for 
the thinner member and beyond the ca¬ 
pacity of the control apparatus to compen¬ 
sate for the higher rate of flashing-off 
of the thinner member. 

Pressure Gas Welding 

This process is occasionally used in the 
welding of steel castings. See Chapter 7 
for further information. 

Brazing 

Cast steel is commonly furnace brazed. 
This process is particularly suitable for 
mass production. It is performed in 
specially constructed furnaces designed 
either for batch operation or for continu¬ 
ous operation using conveyors. Copper or 
copper-base brazing alloys are used. The 
furnaces provide a controlled atmosphere 
of hydrogen or hydrogen-enriched fuel 
gas mixture. The brazing temperature 
usually is from 2000 to 2100°F. Since 
the operation is performed in a controlled 
atmosphere, no flux is required, and the 
brazed products emerge free from oxida¬ 
tion. Preparation for furnace brazing re¬ 
quires suitable fits for the intended joints. 
Depending on the nature of the applica¬ 
tion, the joint may be assembled with a 
press fit or it may have a clearance of a 
few thousandths of an inch. The brazing 
alloy, depending on the joint design and 
the location of the joint, may be applied 
in the shape of thin washers or sheets 
or in the form of wire or powder. Cast 
steels are being joined with silver braz¬ 
ing alloys, usually those having flow points 
not over 1200°F. Preparation for braz¬ 
ing with silver alloys usually requires 
clearances of 0.003 to 0.007 inch. The 
gap usually increases with the mass of the 
objects being brazed. For this type of 


brazing the use of proper fluxes is manda¬ 
tory. These alloys can be used in torch 
brazing, furnace brazing, resistance braz¬ 
ing or induction brazing. Induction braz¬ 
ing is particularly suitable for production 
work, partly because it permits a fast rate 
of production and provides a very ready 
means of temperature control, and there¬ 
fore produces joints of comparable uni¬ 
form quality. The brazing material for 
this process is applied in sheet or wire 
form. The capillary forces of these braz¬ 
ing alloys is not as positive as that of 
the higher-melting-point copper or copper 
alloys used in furnace brazing and there¬ 
fore more care must be used in placing 
the brazing alloys. For each application 
pilot tests should be performed to de¬ 
termine the optimum location and volume 
of the brazing alloy to be applied. The 
efficiency of joints produced by silver 
brazing alloys is usually computed on the 
basis of 30,000 psi. in shear, which is 
usually the only recommended method of 
loading joints united by the use of silver 
brazing alloys. Brazed weldments using 
the above types of brazing alloy are suita¬ 
ble for service at temperatures not exceed¬ 
ing 500 °F. In many applications the 
joint design requires that the brazing 
alloy form a fillet in order to prevent 
sharp change of cross section; if such 
fillets are exposed to liquids which may 
become electrolytes in the presence of the 
ferrous base metal and the brazing com¬ 
pound the possibility of corrosion is intro¬ 
duced. (See Chapter 22 for further in¬ 
formation on brazing.) 

Thermit Welding 

The application of thermit welding to 
cast steels in most respects is comparable 
to its use in the welding of cast iron. In 
general, the necessity of preheating parts 
which may restrict free shrinkage of the 
weld also exists. However with cast 
steels, in many instances expansion of the 
restricted parts can be obtained by strain¬ 
ing the metal mechanically owing to the 
high ductility of cast steels. Thermit 
mixtures are available to yield weld metal 
whose mechanical properties match or 
closely approximate those of the base 
metal, although the chemical composition 
of the weld metal may differ from that ot 
the base metal. Generally, this process is 
employed for welding cast steel machinery 
frames and other comparably heavy struc¬ 
tures. 
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Processes Not Applicable 

With the exception of valves whose 
intricacy of design permits more economi¬ 
cal production by casting than by other 
methods of fabrication, the use of steel 
castings is restricted to structures Vs in. 
or thicker in section. For this reason, 
welding processes which may be preferred 
for welding steels in thin sections, such 
as atomic hydrogen welding or seam weld¬ 
ing, are not generally applicable. In the 
construction of some intricate machine 
parts, such as turbine casings, cast and 
wrought sections are united by manual 
arc welding or by any of the automatic 
arc-welding processes, but in general 
these automatic processes are not used 
because the cost of preparation for weld¬ 
ing/ for most assemblies would render 
their use uneconomical. The bulk and 
shape of castings generally do not permit 
the use of resistance welding for affixing 
attachments or other similar applications. 
Inert-gas metal-arc welding, which is 
particularly suitable for welding austenitic 
steels in light gages, has not found any 
application as yet in salvaging and finish¬ 
ing castings. 


COMMON APPLICATIONS 

Cast steel is still an important element 
in both power-plant equipment and ma¬ 
chinery fabrication. Valves for use in 
steam lines and in oil refineries are made 
of cast steel whose composition ranges 
from mild steel to complex austenitic 
materials. Cast steel is used for the 
turbine casings and the valve chests of 
steam turbines. Hydraulic turbines and 
their impellers are also steel castings, as 
are the frames of electric motors and 
generators, also the subbases for mount¬ 
ing electric motors and the other prime 
movers. I lie frames and cylinders of the 
modern high-powered locomotives are also 
steel castings. The process industries use 
cast steel autoclaves and other heat ex¬ 
changers intended for high temperature, 
high pressure service. Other uses of 
steel castings are trunnions and other parts 
of foundry ladles and other heavy indus¬ 
trial equipment such as earth-moving 
machinery and parts of suspension bridges. 

C ast steel is used in heavy ordnance and 
tor ship structures such as stern posts 
and rudder frames. 


BIBLIOGRAPHY 


A. Cast Iron 

1 c Al -!? ys ,ron and Silicon, G. S. Greiner, 

V, and Bradley Soughton, McGraw- 

Hill Book Co.. 1933. 

2. The Microscope in Elementary Cast Iron 
Metallurgy, R. M. Allen, American Foundry- 
men s Association, 1939. 

3. Procedures for Arc Welding Gra\ Iron 
( astmgs, ( . E. Phillips, The Welding Journal, 
June 1946. 

4. Welding of Heavy Gray Iron Castings, 
J. Larson, The Welding Journal, Tune 1947. 

5. Welding Techniques for Cast Iron, 
T E. Kihlgren, The Welding Journal, January 

I " » O • 

6 . Recommended Practices for Salvaging 
Automotive Gray Iron Castings, Committee Re¬ 
port, The Welding Journal, May 1948. 

7. Stress-Corrosion in Naval'Brass, B. Ronay, 
The Welding Journal, April 1949. 


8 . \ickei[ Topics, published monthly by In¬ 
ternational Nickel Co. 

B. Cast Steel 

1 . Symposium on Effect of Temperatures on 

•,nH ,’>, Am A nCa " Socie £ y ,or Testin S Materials 
anrl the American Society of Mechanical 

Engineers, 1931. me cnanicai 

Sodet ^*?94 < ( asti}l,js Handbook, Steel Founders 

3. Metallurgy of Steel Castings, C. W 
Briggs, McGraw-Hill Book Co., 1946 

4. Susceptibility of Cast Steels to Crap- 

r^: 8 s«s,i v.b. The Wc,din * 

Welding of Cast Steels—General 

dtr 1/rT u r I)ts £ ectl °" of Material, Appen - 
fj x 1 y — H e J& n Q\ 1 art C • Section C-3, Navy 
Department, Washington, D. C. 



CHAPTER 29 




LOW ALLOY STEELS* 


GENERAL PROPERTIES 

Classification 

Alloy steels are those steels which have 
special properties attributable to the pres¬ 
ence of one or more elements in addition 
to those commonly present in carbon steel 
or to greater than usual proportions of 
such elements as manganese or silicon 
(see Tables 3 and 4). No rigid classi¬ 
fication of low-alloy steels has been ac¬ 
cepted. The same steel may be consid¬ 
ered as low, medium or high in alloy by 
different users. 

This chapter covers the constructional 
steels ranging in composition between 
plain-carbon and manganese steels (Chap¬ 
ter 27) and chromium irons and steels 
(Chapter 30). This includes the so-called 
high-strength, low-alloy group of proprie¬ 
tary steels which is generally intended for 
use in the hot-rolled condition and the 
large group of wrought low-alloy steels 
which is available commercially for the 
manufacture of heat-treated parts. It 
should be noted that there is overlapping 
in composition range between these two 
groups, and that the high-strength, low- 
alloy grades may have higher alloy con¬ 
tents than steels which have superior 
strength in the heat-treated condition. 

Hot-Rolled Grades 

Specifications. —Since early in the cen¬ 
tury, various efforts have been made to 
promote the use of nickel-, manganese- 
and silicon-alloyed hot-rolled steels. Not 

Prepared by a committee consisting of S. A. 
Herres, Allegheny Ludlum Steel Corp., Chair¬ 
man; T. N. Armstrong, International Nickel 
Co.; H. M. Banta, Battelle Memorial Institute; 
J. J. Chyle, A. O. Smith Corp.; Howard Cross, 
Battelle Memorial Inst.; L. A. Danse, General 
Motors Corp.; J. R. Dawson, Union Carbide & 
Carbon Res. Labs.; R. F. Miller, Carnegie 
Illinois Steel Corn.; A. Muller, Air Reduction 
Sales Co.; G. C. Riegel, Caterpillar Tractor Co.; 
A. J. Williamson, Summerill Tubing Division 
of Columbia Steel and Shafting Co. 


until 1933 was a sufficient demand for im¬ 
proved strength and corrosion resistance 
developed by the transportation industry 
to initiate the large-scale production of 
what is now known as the high-strength, 
low-alloy group of steels. These steels 
are supplied to minimum mechanical prop¬ 
erties and are usually furnished in the 
hot-rolled condition. They are normally 
intended for use without further heat 
treatment, and during welding no preheat 
or postheat is required. Stress relief may 
sometimes be prescribed for welded struc¬ 
tures of the hot-rolled grades. 

High-strength, low-alloy, hot-rolled 
steels are covered by the Recommended 
Practice for SAE 950 Steel in the 1949 
SAE Handbook. Chemistry limitations 
are as follows: For resistance welding, 
0.12% maximum carbon and 1.00% maxi¬ 
mum manganese; for other than resist¬ 
ance welding and non-welded applications, 
0.20% maximum carbon, 1.25% maxi¬ 
mum manganese, 0.050% maximum sulfur, 
0.15% maximum phosphorus, 0.90% 
maximum silicon. Other alloys and their 
ranges are subject to agreement between 
the purchaser and producer. 

Minimum tensile properties vary with 
the plate thickness from 50,000 psi. yield 
strength, 70,000 psi. tensile strength, and 
20% elongation in 2 in. for Va in. or lesser 
thickness to 45,000 psi. yield strength, 
65,000 psi. tensile strength, and 22% 
elongation for 1 to 2 in. thick. A 180 deg. 
bend test on the plate thickness for gages 
up to Va in., on twice the plate thickness 
for gages from x /a to 1 in., and on three 
times the plate thickness for between 1 
and 2 in. is required. Various users and 
government agencies have included weld¬ 
ability or simulated welding tests in in¬ 
dividual specifications, but no wide agree¬ 
ment as to types of tests or specific re¬ 
quirements for weldable high-strength 

steel has been reached. 

Mechanical Properties .—Ordinary struc- 
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tural plain-carbon or mild steel of 0.20% 
carbon, 0.15% silicon and 0.50% man¬ 
ganese has a tensile strength of 50,000 to 
65,000 psi. and a yield strength of 25,000 
to 30,000 psi. in the hot-rolled condition. 
The most inexpensive means of increas¬ 
ing the strength is to increase the carbon 
content, but this is accompanied by loss 
in ductility and toughness, and in the 
qualities desired for commercial fabrica¬ 
tion, particularly weldability. For ex¬ 
ample, a 0.40% carbon steel has a tensile 
strength of 75,000 to 85,000 psi. and a 
yield strength of 35,000 to 40,000 psi., but 
cannot be satisfactorily welded under so 
broad a range of conditions as lower 
carbon steels. 

Strong hot-rolled steels of medium car¬ 
bon and with manganese in the range of 
1.0 to 1.75% were used for many years 
in riveted constructions where little cold 
forming was required, but these steels 
are generally unsuitable for welded con¬ 
struction because of their tendency to 
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Fig. 1.—Probable Hardening Effects of the 
Various Elements as Dissolved in Pure Iron 

crack in the weld or the heat-affected 
zone. To overcome this difficulty, weld¬ 
ing-grade, hot-rolled steels were made 
with lower carbon, with alloying elements 
other than high manganese alone added to 
obtain high strength, and with aluminum, 
vanadium or titanium additions to obtain 
fine grain, higher yield to tensile strength 
ratios and better notched-bar impact 
toughness. 

The over-all effects of alloying addi¬ 
tions to low-carbon steels are the sum of 
relatively small strengthening from solid 
solution of the alloys in iron and the 
hardening produced as a result of the 
changes in the type and distribution of 
the carbides and from precipitation hard¬ 
ening. The same effects can be obtained 
by using alloying elements in different 


amounts and various combinations. The 
comparative effects of some alloy elements 
in hardening of pure iron are illustrated 
by Bain (Fig. 1). The differences in 
hardness caused by alloying elements are 
small in comparison to the hardening pro¬ 
duced by changes in the type and distri¬ 
bution of carbides present (Fig. 2). Even 
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Fig. 2.—Approximate Tensile Strength Ob¬ 
tainable for Steels in Various Heat-Treated 
Conditions as a Function of Carbon Content 


in low-carbon, hot-rolled steels the major 
importance of alloy additions probably is 
attached to this influence on carbides. 

The approximate tensile strength of hot- 
rolled steels as influenced by variations 
in chemical analysis and plate thickness 
may be estimated from the formula of 
Quest and Washburn, given in Table 1. 
By maintaining a relatively low carbon 
content and introducing alloying elements, 
an increase in strength proportionate to 


Table 1—Strength of Hot-Rolled Steel 

T.S. (psi.) = 38,000 + C (700 + 2.94 Mn) + 

Mn [ 30 + (48 -f 2.35 C) ] + 


P (1000) + Si (340) + K 

C, Mn, P and Si are included as points (0.01% 
— 1 point) of these elements 
X is a gage factor = —3000 for 0.75 in. and up 

—2000 for 0.625 in. 

— 1000 for 0.500 in. 

0 for 0.375 in. 

+ 1000 for 0.250 in. 

+2000 for 0.125 in. 


* 1IIO A 1 111 11 1 tl 


-- psi. on 

Ipi e ana lyses and 50% better on check analyses. 

/ I 1 L, ra "S e „ covered is C 0.10-0.35%, Mn 0.30- 
1.60%, P 0.01-0.04% and Si 0.01-0.15%. Other 

e u C n t ^ lr iS rea ^ e the TS - as follows in psi. for 
each 0.01 %; Cu 400, Ni 250, Cr 60-200 (de- 
pending on the percentage of C), Sn 1000. 
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that in higher carbon steels is obtained 
without a sacrifice of ductility or weld¬ 
ing quality. French has illustrated the 
influence on tensile properties of several 
alloy elements (Fig. 3). 
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the Tensile Properties of Normalized Steels 


Although yield strength is proportion¬ 
ate to tensile strength in fully quenched 
and tempered steels, the proportionality 
does not hold in hot-rolled or normalized 
steels. Kramer, Gorsuch, and Newhouse 
found that the order of potency for in¬ 
creasing the tensile strength of air-cooled, 
J /4-in. rounds is P, Mo, Mn, Cr, Si, Cu 
and Ni, but the yield ratio is increased 
most by small additions of the grain-re¬ 
fining agents, Al, V, Ti and Zr followed 
in order by Cu, Mn, Ni, Si, Cr, P and 


Mo. These observations are qualitatively 
consistent with the general choices of 
alloying elements for low-alloy, hot-rolled 

steels. 

The two elements, phosphorus and cop¬ 
per, are little used in heat-treated steels 
but find considerable use in hot-rolled 
steels. Phosphorus is the most effective 
of the ferrite strengthened and is also 
helpful in retarding atmospheric corro¬ 
sion. The high-phosphorus steels con¬ 
tain more than the usual specification 
limit of 0.04% phosphorus in addition to 
copper and one or two other alloy ele¬ 
ments. Phosphorus is usually in the 
range of 0.07 to 0.15%. 

Phosphorus tends to segregate in the 
steel ingot and persists as a banded struc¬ 
ture that is not readily broken up by roll¬ 
ing of the plate. Therefore, phosphorus 
must be held down so that the segregated 
areas will not be too high in phosphorus. 
Welding difficulties are minimized by 
holding carbon below 0.15% with 0.07 to 
0.12% phosphorus. Notched-bar impact 
resistance, particularly below room temp¬ 
erature, drops as either the carbon or the 
phosphorus content increases. A sum of 
0.25% of carbon plus phosphorus is gen¬ 
erally recognized as the upper limit of 
safety for good shock resistance in struc¬ 
tural steels. However, the use of alum¬ 
inum for grain-size control and the addi¬ 
tion of other a'lloy elements, particularly 
molybdenum and chromium, appear to 
diminish the tendency for embrittlement 
of phosphorus-containing steels. The 
polished-bar endurance limit of these 
phosphorus-containing steels appears to 
be high, considerably above the usual 
ratio of from 40 to 50% of the tensile 
strength. 

Copper improves the resistance to 
atmospheric corrosion and has a moderate 
influence in contributing to ferrite 
strengthening and quench hardenability. 
Copper in amounts of 0.5 to 1.5% is also 

capable of providing increased strength 
to mild alloy steels by a precipitation¬ 
hardening process. The copper is held in 
solution in these steels by ordinary air 
cooling without drastic quenching, and 
the full precipitation-hardening effect is, 
therefore, realized on reheating hot-rolled 
or normalized steels to the precipitation 
temperature. The amount of hardening 
on reheating increases as the copper con¬ 
tent is increased from 0.5 to about 1.5%, 
but appears to decrease with further in- 
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Fig. 4.—Influence of Reheating on Mechani 


crease in copper. Figure 4 gives some 
data on time-temperature relationships 
for precipitation hardening of two steels. 

The presence of other alloys has rela¬ 
tively little effect on the course of the 
precipitation-hardening effect, and the re¬ 
heating of copper-bearing, hot-rolled 
steels for a suitable time interval at the 
appropriate temperature permits an in¬ 
crease of 10,000 to 20,000 psi. in tensile 
strength. This treatment often is com¬ 
bined with a postwelding stress-relief 
heat treatment. However, the times and 
temperatures for adequate thermal stress 



REHEATING TIME . HOURS 
al Properties of Copper-Containing Steels 

relief of welded structures are somewhat 
greater than those for maximum copper 
precipitation hardening. Also, the in¬ 
crease in strength by precipitation hard¬ 
ening is usually accompanied by a de¬ 
crease in notched-bar impact resistance. 
If phosphorus and silicon arc held low 
and the steel is aluminum killed and al¬ 
loyed with molybdenum, the notched-bar 
impact resistance after strengthening by 
precipitation hardening may still be suffi¬ 
ciently high for most structural purposes. 
Table 2 gives some illustrative strength 
and toughness data. 


-40° F. 


— 100° F. 


Hot rolled 58,400 95,000 23.0 29-31 i 

900° F 4 hr. 73,600 103,600 23.0 25-22 6-7^ 

1150° F., 6 hr. 60,000 91,200 28.5 34-36 8-12 !!!! 

Experimental Mn-Ni-Cu-Mo 

0.11 %C, 1.04%Mn, 0.09%Si, 0 019%S. 0 008%P, 0.38%Ni. 0 70%Cu,0.53%Mo, Al-killed 
1550° F., normalized 45,500 76,500 29.5 60-62 ?7-?Q 

900° F., 4 hr. 64,000 86,000 28.0 35-36 ““ 

1150° F„ 6 hr. 57,200 73,200 33.0 57-56 24-25 16-is 


a Flat plate tensile specimen parallel to direction of rolling 

b Specimen transverse to direction of rolling, notch perpendicular to plate surface. 
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Copper in amounts above about 0.25% 
tends to cause surface cracking during hot 
working of steels. This is prevented by 
an addition of nickel in a proportion of 
approximately one-half that of the copper 
content. The first important copper- 
alloyed wrought steels contained 2% Ni 
and 1% Cu. During the war when nickel 
was short, the copper-nickel ratios of 
large-tonnage copper-alloyed steels ranged 
between 0.5% Ni to 1.0% Cu and 1.6% Ni 
to 0.80% Cu. 

Several early hot-rolled steels were al¬ 
loyed with silicon. Mill difficulties and a 
tendency toward brittleness have discour¬ 
aged the use of high silicon. However, 
silicon of less than 1% is used as an 
alloying element in several of the low- 
alloy, hot-rolled steels. 

Chromium in amounts of 0.25 to 1.25% 
and molybdenum at 0.10 to 0.25% are 
frequently used in conjunction with the 
high-phosphorus or the copper-nickel com¬ 
bination. Deoxidation and grain-size con¬ 
trol when required are ordinarily ac¬ 
complished by a small (0.05 to 0.15%) 
aluminum addition. Vanadium and/or 
titanium have been used for grain-size 
control, particularly in manganese alloyed 
steels such as the Man Van and the more 
recent Vanity steels. The latter type 
now tends toward 0.16 to 0.18% C, 1.10 
to 1.30% Mn, 0.20 to 0.30% Si, 0.05% V, 
0.02% Ti, 0.02% A1 with residuals of 
0.05 to 0.40% Cu, 0.10 to 0.20% Ni, 
0.05% Cr and intentional molybdenum 
additions up to 0.15% in the heavier 
gages. The Vanity type steels played an 
important role in critical ship structures 
where 48,000 psi. minimum yield strength 
was required. 

Table 3 gives a list of representative 
proprietary high-strength, hot-rolled 
steels. In Vz-in. or lesser gages, each of 
these steels may be expected to have a 
minimum yield strength of 50,000 psi., 
and a tensile strength between 65,000 and 
75,000 psi. Tensile elongation of flat 
plate specimens will exceed 20%. Cold 
finishing may be required in the rolling 
of Dynalloy to obtain 50,000 psi. yield 
strength. 

Heat-Treated Grades 

Specifications .—A large variety of 
chemical compositions is available com¬ 
mercially for the user of heat-treatable 
steels. Authoritative specifications are 
provided by the Society of Automotive 


Engineers (SAE steels) and by the 
American Iron and Steel Institute (AISI 
steels). 

These specifications define limits of 
variation of the principal alloy elements 
and impurities in the steels and, in some 
instances, the methods of manufacture. 
The AISI and SAE steel classifications 
have identical numbers and specified 
ranges of chemical composition although 
the AISI steels cover more grades. 
Table 4 includes the principal type com¬ 
positions of AISI and SAE Steel speci¬ 
fications. 


Table 4—Principal Type Compositions for 
AISI and SAE Steel Specifications 0 


lOxx Carbon steels 

llxx Free-cutting resulfurized C-Mn steels 

13xx 1.75% manganese steels 

23xx 3.5% nickel steels 

25xx 5.0% nickel steels 

31 xx 1.25% Ni, 0.6% Cr steels 

33xx 3.50% Ni, 1.5% Cr steels 

40xx 0.25% molybdenum steels 

41xx 0.25% Mo, 1.0% Cr steels 

43xx 0.25% Mo, 1.75% Ni, 0.50% Cr steels 

46xx 0.25% Mo. 1.75% Ni steels 

48xx 0.25% Mo, 3.5% J'Ji steels 

50xx Low-chromium (0.75% max.) steels 

51xx Medium Cr (1.20% max.) steels 

52xxx High-C, inedium-Cr (1.6% max.) steels 

Olxx 1.0% Cr. 0.15% V steels 

86 xx 0.55% Ni, 0.50% Cr, 0.20% Mo steels 

87xx 0.55% Ni, 0.50% Cr, 0.25% Mo steels 

92xx 0.80% Mn, 2.0% Si (may contain Cr) 

93xx 3.25% Ni, 1.20% Cr, 0.12% Mo steels 

94xx 0.45% Ni, 0.40% Cr, 0.12% Mo steels 

97xx 0.60% Ni, 0.17% Cr, 0.20% Mo steels 

98xx 1.0% Ni, 0.80% Cr, 0.25% Mo steels 


° Approximate and incomplete; consult AISI 
and SAE steel specification lists for standard 
ranges and limits, which are subject to periodic 
revisions. 

In general, the last two digits of a four- 
numeral series or the last three digits of 
a five-numeral system represent the aver¬ 
age carbon content in one-hundredths of 
1%, i.e., xx40 represents a range of 0.38 
to 0.43% carbon, but the exact range 
varies with the type steel and, in some in¬ 
stances, variation in the last digit may 
indicate differences in the ranges for 
manganese, phosphorus, sulfur or other 
elements. 

In the AISI system, when there is no 
prefix the steel is predominantly basic 
open hearth, the prefix B represents 
Bessemer, and E electric-furnace steels. 
The usual range of silicon in open-hearth 
alloy steels is 0.20 to 0.35%, and sulfur 
and phosphorus have 0.04% maximums. 
Bessemer steels usually are slightly 
higher in phosphorus and sulfur content, 



604 


metals 


and steels specified as electric furnace 
usually are below 0.025% in phosphorus 
and sulfur. 

Recently, cooperative work of the Iron 
and Steel Committee of the War Engi¬ 
neering Board, Society of Automotive 
Engineers, and American Iron and Steel 
Institute has resulted in a new type of 
specification for constructional steels. 
I his applies to steels produced to 
hardenability bands determined by the 
standard end-quench test on 1-in. round 
bars. These steels are identified by the 
suffix letter H added to the AISI or SAE 
series number. The chemical composi¬ 
tion ranges for H steels are modified to 
permit selection by desired hardenability 
rather than by chemical composition. 


ing the war. Nor do the present speci¬ 
fications cover boron-treated steels. The 
use of boron-containing addition agents, 
which introduce about 0.003% or less 
boron and markedly increase hardenabil¬ 
ity, was widely practiced to conserve 
other alloy elements during the war. 

Mechanical Properties .—The depend¬ 
ence of mechanical properties on the heat 
treatment and chemical composition of al¬ 
loy steels may be shown by a few simple 
illustrations. As indicated in Fig. 2, the 
maximum hardness attainable by heat 
treatment in any low-alloy steel depends 
exclusively upon the carbon content. 
Hardening is accomplished by heating the 
steel above the critical transformation 
temperature where the steel undergoes a 



DISTANOE FROM END IN INCHES 

Fig. 5.—Effects of Carbon and Alloying Elements on Hardenability 


The variation between the harden- 
abilities of two heats, both meeting the 
old chemical specifications but one with 
all elements on the high side and the 
other with all elements on the low side, 
is greater than for a corresponding H 
steel. Since too low hardenability may 
adversely affect mechanical properties, 
and high hardenability increases tendency 
toward weld or quench cracking, the user 
of alloy steels in welded structures should 
become familiar with the hardenability 
specification system. 

Neither SAE nor AISI steel specifica¬ 
tions refer to the manganese-molybdenum 
alloy steels which were used in large ton¬ 
nages for welding armored vehicles dur- 


lattice change and takes carbon into solid 
solution (austenite structure). At normal 
temperatures, carbon has very limited 
solubility in low-alloy steels. Slow cool¬ 
ing of austenite rejects the carbon as rela¬ 
tively large platelets of iron carbide 
(pearlite structure). Rapid cooling pro¬ 
duces an extremely fine dispersion of car¬ 
bon (martensite structure) and high 
hardness. Intermediate cooling rates pro¬ 
duce bainitic structures or mixed struc¬ 
tures of intermediate hardnesses. 

In sufficiently small sections, plain- 
carbon steels may be cooled rapidly 
enough by water quenching to give a 
fully-hardened structure. The principal 
function of alloying elements is to in- 
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crease the depth of hardening or size of 
section that may be fully hardened by 
quenching. 

Figure 5 shows standard end-quench 
hardenability test results for four steels. 
The maximum hardness at the water- 
quenched end depends upon the carbon 
content, but the depth of hardening is 
seen to depend upon the alloy content. It 
is known that properly selected combina¬ 
tions of elements are more effective in in¬ 
creasing hardenability than a larger quan¬ 
tity of a single element. The hardenabil¬ 
ity problem is complicated by the fact 
that individual alloys vary in their ability 
to prevent transformation to pearlitic or 
bainitic structures, and at a given percent¬ 
age their action varies according to the 
kind and amount of other alloying ele¬ 
ments present. There are several systems 
tor estimating the approximate effect of 
the various elements on hardenability. 


During tempering, the steel softens at a 
rate which depends somewhat on the indi¬ 
vidual alloying elements present. Figure 
6 shows some examples. The two 0.20% 
carbon(*) steels were obviously not fully 
hardened by quenching prior to temper¬ 
ing. In fact, recent studies indicate that 
none of these low-alloy steels will be fully 
hardened to martensite to the center of 
a 1-in. round when quenched in oil or 
water. 

One of the most important principles 
realized in recent years is that when low- 
alloy steels are fully hardened by quench¬ 
ing and tempered to any stated hardness 
below about 500 Brinell, the mechanical 
properties including tensile strength, yield 
strength, tensile elongation or reduction 
in area, and notched-bar impact resistance 
are affected in a similar manner. These 
properties do not depend upon the par¬ 
ticular alloy elements present in the steel. 



Steel which has been quenched is 
given a second heating and cooling treat¬ 
ment called tempering. The tempering 
operation is carried out at a temperature 
below the critical transformation temper¬ 
ature and serves to distribute the carbon 
as uniformly dispersed carbide spheroids. 


If a steel is not fully hardened to 
martensite before tempering, the yield 
strength will be low in relation to tensile 
strength and hardness, and the notched- 
bar impact resistance will be inferior. 
Thus, the principal benefit of alloy addi¬ 
tions to steel is to increase the harden- 
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ability, i.e., the depth of hardening of 
moderate or large section pieces following 
liquid quenching. 

Figure 7 gives the approximate rela¬ 
tionships between hardness and tensile 
strength, yield strength and Charpy 
V-notch impact resistance for properly 
heat-treated steels. The notched-bar im¬ 
pact resistance is affected by the relation 
of the test specimen to the direction of 
rolling, as indicated in Fig. 7. Alloy 
si eels, particularly those high in manga¬ 
nese or chromium may also develop 
temper brittleness which appears when 
they are tempered in the temperature 
range of 700 to 1100° F. or slowly cooled 
from tempering temperatures above 1100° 
F., but not if they are rapidly cooled from 
tempering temperatures above 1100° F. 
The .only property measurably affected is 
notched-bar impact resistance. Moderate 
additions of molybdenum tend to decrease 
temper-brittleness susceptibility. 


welding will be discussed in a later sec¬ 
tion of this chapter. Welding on the 
hardened face of carburized steel without 
localized cracking or softening is very 
difficult and is usually avoided by mask¬ 
ing, before carburizing, the areas to be 
welded. 

Normalizing is accomplished by heating 
to temperatures above the critical trans¬ 
formation and cooling in air. Normalized 
steels have mechanical properties similar 
to those of hot-rolled steels which are 
cooled at the same rate. Normalizing is 
sometimes practiced to promote uniformity 
of properties and grain size, particularly 
of steels for elevated- or low-temperature 
service, since the heating temperature for 
normalizing is more closely controlled 
than the temperature for hot-rolling. 
Tempering after normalizing has little 
effect upon the tensile strength or ductil¬ 
ity of readily weldable steels except for 
those containing copper which may be 
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Fig. 7.—Relationship of Yield Strength, Charpy V-Notch Impact Resistance, 
Hardness and Tensile Strength of Properly Heat Treated and Reasonably Clean 
Steels 


Besides quenching and tempering, other 
heat treatments such as normalizing, nor¬ 
malizing and tempering, annealing, or 
case hardening by carburization or nitrid¬ 
ing are used in processing steel. The in¬ 
fluence of those heat treatments which 
affect carbide stability or alloy homo¬ 
geneity on cracking tendency during 


precipitation hardened. The yield strength 
at a given offset may be raised because of 
the relief of stress accompanying tem¬ 
pering. 

Corrosion Resistance 

None of the low-alloy steels are rust¬ 
proof. An addition of about 1 2 c /c of 
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chromium is required to make steels 
stainless enough to remain substantially 
rustproof under normal atmospheric ex¬ 
posure. However, the presence of small 
amounts of some of the alloying elements, 
singly or in combination, provides a 
marked improvement in resistance to 
atmospheric corrosion and certain other 
mild corrosive media. The initial attack 
on these steels is as rapid as in plain- 
carbon steels, but a continuous, adherent, 
relatively non-porous oxide film is de¬ 
veloped and slows down the subsequent 
attack and selective pitting. 

There is a marked increase in atmos¬ 
pheric corrosion resistance over plain- 
carbon steel as the copper content is in¬ 
creased to 0.20%. Further increases pro¬ 
duce little additional improvement. Small 
amounts of copper alone give about a 2- 
to-1 decrease in atmospheric corrosion. 
Phosphorus similarly improves atmos¬ 
pheric corrosion resistance and, in combi¬ 
nation with copper, the influence is con¬ 
siderably greater than with either element 
alone. 

Table 5 shows some results of tests 
carried out by Greenidge and Lorig on 
three-year exposure of various low-alloy 
steels to atmospheric corrosion. These 


Table 5—Weight Loss of Low-Alloy Steels on 
Three-Year Exposure to Atmospheric Cor¬ 
rosion 

Average 

Weight 

Loss 

Mg./Sq. 




_ Cnn 

lposition, ' 
P Cu 

Vf, _ 


C 

m. of 
Sur¬ 
face 

c 

Mn 

Si 

ft 

Cr 

Ni 


0.02 

0.02 

0.15 

0.02 

• • • 


• • • 

• • • 

120 

0.02 

0.02 

0 15 

0.02 

0.20 


• • • 

• • • 

80 

0.02 

0.02 

0 15 

0.02 

0.75 


• • • 

• • • 

74 

0.02 

0.02 

0 15 

0.02 

2.00 


• • • 

• • • 

72 

0.25 

0.30 

0.15 

0.02 

0.40 


• • • 

• • • 

74 

0.02 

0.02 

0.60 

0.02 

0.40 


• • • 

• • • 

78 

0.02 

0.02 

0.15 

0.02 

0.40 


0.40 

0.20 

68 

0.09 

0.31 

0.61 

0.14 

• • • 

0.96 

• • • 

• • • 

57 

0.09 

0.29 

0.61 

0.14 

0.31 

0.96 

• • • 

• • • 

42 


tests indicated that individual additions of 
silicon, nickel or molybdenum were little 
more effective in increasing the corrosion 
resistance of copper-bearing steels than 
is copper alone. Although 1% chromium 
is said to have negligible effect on cor¬ 
rosion resistance of low-silicon, low-alloy 
steels, its addition to steels high in silicon 
and phosphorus appeared quite effective, 
and the corrosion resistance was further 
improved by the addition of copper. The 


latter steel containing copper, chromium, 
high phosphorus and high silicon lost only 
about one-fourth as much weight as the 
base iron. 

Where appearance of low-alloy steels is 
important, a protective coating is needed. 

Low-Temperature Properties 

The tensile strength of steel increases 
with decrease in testing temperature. 
Tensile ductility is not markedly affected 
until very low testing temperatures. At 
liquid air or lower temperatures, how¬ 
ever, normalized ferritic steels lose duc¬ 
tility and unkilled low-carbon steels be¬ 
come brittle, but properly deoxidized, 
quenched and tempered steels retain high 
ductilitv in the static tensile test at 

-300° F. 

Low-temperature brittleness as evi¬ 
denced by the notched-bar impact test 
occurs as the temperature of test is de¬ 
creased below room temperature, the 
temperature of embrittlement depending 
upon the composition and treatment of the 
steel. Table 6 shows a comparison of the 
influence of heat treatment for one steel. 

The low-temperature notch sensitivity 
of hot-rolled or normalized steels may be 
improved by low carbon content, alu¬ 
minum deoxidation and suitable selection 
of alloying elements. Wide differences 
exist in reported impact values from vari¬ 
ous normalized steels, depending upon the 
type of specimen and the direction of the 
bar with respect to the rolling direction 
of the steel. When impact specimens are 
taken parallei to the principal direction of 
rolling or forging, the values may be con¬ 
siderably higher than when the bars are 
taken in the transverse direction. 

The best quenched and tempered steels 
show good impact resistance at —100° F.. 
but generally fall off to values below 15 
ft.-lb. by the time the temperature is down 
to that of liquid air (—300° F.). Unless 
heat-treated steels are fully hardened dur¬ 
ing quenching, or if they are subject to 
temper brittleness, loss of notched-bar im¬ 
pact resistance may occur at low atmos¬ 
pheric temperatures (0 to —40° F.). 

This is of particular concern when the 
steel is heat treated in large sections or 
used in sections where the restraint is 
greater than for the conventional Charpy 
bar. A great deal may be accomplished 
by design of structures to avoid stress 
concentrations. 
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Table 6—Mechanical Properties of Steel for Two Treatments 


C 

0.26 


Mn 

1.68 


-Chemical Analysis, % -' 

Al-Killed, 

P S Si Mo Boron- 

0.013 0.021 0.24 0.33 Treated 

a / 2 -In.-Thick, Cross-Rolled Plate 



'-Heat 

1600° F. Water Quench 

T reatxnent-» 

1600° F. Air Cooled 


1200° F. Air Cooled 

1140° F. Air Cooled 

I ensile strength, psi. at 

+ 70° F. 

130,600-131,600 

122,000-122,800 

— 110° F. 

153,200-157,000 

138,000-138,000 

—319° F. 

188,200-188.200 

110.000-160.000“ 

Reduction of area, % at 

+70° F. 

62.0-63.0 

58.5-58.5 

—110° F. 

56.7-58.1 

54.1-54.1 

-319° F. 

47.4-47.0 

Elongation, % at 

+70° F. 

20.7-20.7 

20.0-19.3 

—110° F. 

21.4-20.7 

19.3-20.7 

—319° F. 

22.9-20.7 


Charpy V-notch impact^ ft.-lb. at 

+212° F. 

50-54 

21-14 

70° F. 

55-55 

8-6 

0° F. 

• • • • 

3-4 

—40° F. 

55-55 

3-3 

—100° F. 

51-45 

• • • • 

Bend load, c lb. at 

+70° F. 

31,500 

23,000 

—40° F. 

32,000 

21,000 


a Broke in threads at grip. 

h Bars transverse to principal direction of rolling; notched perpendicular to plate surface. 
c Bars V 2 in. wide, P /2 in. deep, with V-notch 0.08 in. deep and 0.002 in.-radius, 6 in.-break¬ 
ing span; single load center of span, notch on tension side. 


For extreme service conditions, high- 
alloy austenitic steels which show only 
mild decrease in notched-bar impact re¬ 
sistance at low temperatures are to be 
preferred. Recently, steels of about 9 
percent nickel have been developed. 
When suitably treated, these steels have a 
partially austenitic structure and maintain 
a notched-bar impact resistance above 
15 ft.-lb. at a testing temperature of 
—320° F. A recommended composition 
is 0.12 C max., 0.35 to 0.80 Mn, 0.15 
to 0.30 Si, 0.04 S max., 0.04 P max., 8.25 
to 9.25 Ni. Heat treatment, including 
double normalizing and reheating to 
1050° F. subsequent to forming or weld¬ 
ing is recommended. The notch tough¬ 
ness of these steels drops rapidly with an 
increase in carbon content; it is almost 
halved by going from 0.09 to 0.18% 

carbon. 

Elevated-Temperature Properties 

The low-alloy steels commercially 
available that are used for high-tempera- 
ture applications range from plain carbon- 
molybdenum steel, through a series of 
low chromium-molybdenum steels, and up 
to an alloy steel containing 9% chromium 
and 1% molybdenum. 

Table 7 shows the nominal compositions 
of the alloy steels available. To this list 
have been added two steels for which data 


have recently become available; namely. 

the 0.50% Cr, 0.50% Mo steel and the 
1% Mo, 0.2% V steels. For purposes of 
comparison, plain-carbon steel is included 
in both this table and in Table 8 which 
gives creep data. 

These are the steels which are widely 
used in the steam power industry and in 
the petroleum refining industry. The 
choice among these steels varies with the 
requirements of load-carrying ability and 
the corrosion and oxidation conditions for 
the service application under considera¬ 
tion. 

Plain-carbon steel is by far the largest 
tonnage steel used at elevated tempera¬ 
tures, but its use is restricted to service 
applications where corrosion and oxida¬ 
tion resistance are not important and 
where the temperature does not exceed 

1000° F. 

Carbon-molybdenum steel (0.50 /c mo¬ 
lybdenum) is suitable for higher stresses 
than carbon steel but provides little in¬ 
crease in resistance to corrosion or oxida- 
tion. This steel has been widely used for 
power piping m the range 900 to 975 t. 

and in petroleum cracking tube furnaces 

at 1000 to 1100° F. when corrosion and 

oxidation conditions are not serious 

As a result of the reported graphitiza- 

tion of carbon and carbon-molybdenum 

steels, two new steels have been recently 
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proposed. One contains about 0.5% 
chromium, 0.5% molybdenum and the 
other about 1% molybdenum, 0.2% va¬ 
nadium. Both of these steels appear to 
have very good creep and rupture prop¬ 
erties at 900 and 1000° F. and are re¬ 
ported to be adequately resistant to 
graphitization at 1000° F. 

The balance of the steels indicated in 
Table 7 contain chromium and molyb¬ 
denum, some with additions of aluminum 
and silicon. Chromium, silicon and alu¬ 
minum are the additions made to procure 
surface stability with regard to oxidation 
and corrosion resistance, and the latter 
two elements are more effective when 
chromium is present. Several nickel- 
chromium-molybdenum cast steels are 
used for high-temperature service. 
Slightly improved surface stability is re¬ 
ported for these nickel-containing steels. 

Steels with 2, 3, 5, 7 and 9% chro¬ 
mium are available; some with aluminum 
and silicon (over 1%) additions. As 
temperatures approach 1200° F. and con¬ 
tinue on up to 1500° F., higher chromium 
contents are required for oxidation resist¬ 
ance and in particular to give adequate 
corrosion resistance to hot petroleum 
products. 

The carbide-forming elements which 
have been found most effective in improv¬ 
ing high-temperature strength character¬ 
istics are chromium, molybdenum, tung¬ 
sten and vanadium, but for economic 
reasons tungsten and vanadium are sel¬ 
dom used. High-temperature strength 
does not necessarily increase continuously 
with increasing additions of any of these 
elements; in most instances the maximum 
creep resistance corresponds to certain 
critical amounts. This is illustrated in 
Fig. 8 which shows the influence of 
chromium and molybdenum content on a 
series of steels containing 1.0% silicon. 

At 1100 and 1200° F. the maximum 
creep strengths are obtained with chro¬ 
mium of about 5.0 and 3.0%, respectively, 
and the creep strengths then decrease as 
the chromium content is increased to 7 
and 9%. In general, the strength is fur¬ 
ther improved by raising the molybdenum 
content from 0.5 to 1.0%, with additional 
gains the greater the chromium content. 

The fact that creep strength decreases 
as the chromium exceeds a certain amount 
should not imply that these higher alloy 
steels are unsatisfactory for high-tem¬ 
perature service. Under conditions of 


severe oxidation or corrosion such as in 
some oil refinery applications, these 
higher chromium steels will actually have 
a better load-carrying ability than the 
lower alloyed ones due to their greater 
surface stability. 


</> 

CL 



Fig. 8.—Influence of Chromium and Molyb¬ 
denum Content on Creep Strength and Stress- 
Rupture of Steels Containing 1% Silicon 


Evaluation of the load-carrying ability 
of the intermediate alloy steels is com¬ 
plicated by the fact that the laboratory 
results rate the steels differently depend¬ 
ing on the rate of deformation used. This 
is illustrated in Fig. 8 which shows that 
fdr the 100,000-hr. rupture strength, the 
higher chromium alloys are superior; 
whereas, for creep strength the lower 
chromium alloys appear best. 

Many of these alloy steels, like most 
plain-carbon steels, have a wide range of 
high-temperature strengths depending on 
the steelmaking practice (deoxidation 
practice), the conditions of fabrication, 
heat treatment, the duration of the ex¬ 
pected service life and the extent of the 
permissible deformation. 

Strengths may be considerably different 
depending upon whether the steel is alu¬ 
minum- or silicon-killed. Large alumi- 
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num additions producing fine-grained 
steels have been generally proved to lower 
creep strength and to contribute to sus¬ 
ceptibility to graphitization of plain car¬ 
bon-molybdenum steels. The addition of 
0.5% or more of chromium has been 
indicated definitely beneficial in inhibit¬ 
ing graphitization, but it is possibly too 
early to indicate whether 0.5% chromium 
is sufficient for all applications. The fab¬ 
rication process and the subsequent heat 
treatment used, if any, have a marked 
elTect on high-temperature strength. 

It is strongly recommended that, for 
any particular applications, the producers 
of these types of low-alloy steels be con¬ 
sulted for recommendations as to the 
steel best fitted to the requirement. Al¬ 
lowable stresses at various service tem¬ 
peratures for many of these steels are 
given in the ASME Boiler Construction 
Code. 

HOW TO WELD 

Metallurgical Response to Welding 

The metallurgical behavior of low- 
carbon alloy steels, when subjected to the 
thermal cycle developed during welding, 
does not differ widely from that of plain- 
carbon steel. The addition of small 
amounts of the alloys commonly used 
affects the metallurgical response prin¬ 
cipally because of the influence upon the 
austenite transformation during cooling. 
The alloys produce a lag in the trans¬ 
formation causing the hard martensitic 
structure to be formed under less drastic 
cooling conditions and promote the re¬ 
tention of austenite which may transform 
at or near room temperature with possible 
detrimental effects as will be discussed 
later. Alloy content does not affect the 
maximum hardness that can be developed 
in the heat-affected zone as the hardness 
is a function of the carbon content. The 
addition of most alloys, however, causes 
a lag in the transformation during cool¬ 
ing so that the maximum hardness may 
be developed with a slower cooling rate 
or less drastic quench than would other¬ 
wise be required. As a result, therefore, 
preheating and postheating treatments, 
for reducing the cooling rate in the heat- 
affected zone, that are entirely adequate 
for producing the desired metallurgical 
structure in the heat-affected zone in 
plain-carbon steel may be inadequate for 

alloy steels because of this lag in austen¬ 


ite transformation. It is generally desir¬ 
able to have the cooling rate sufficiently 
slow to form the relatively tough bainite 
structures instead of the hard martensite. 

Cold • Cracks .—The most obvious differ¬ 
ence in the behaviour of alloy and plain- 
carbon steels is the susceptibility of the 
alloy steels to cold cracking in the heat- 
affected zone when subjected to metal-arc 
welding, unless special precautions are 
taken. Illustrations of typical cold cracks, 
both toe and underbead cracks, are shown 
in Fig. 9. 



Fig. 9.—Cross Section of Weld Bead on 
• *In. SAE 4130 Steel Plate Showing Toe 
Cracks (/f) and Underbead Cracks (It). (Mag¬ 
nification 12 X) 

In order for underbead cracks to de¬ 
velop in the heat-affected zone, at least 
two conditions are believed to be neces¬ 
sary : h irst, the steel must have sufficient 
hardenability and the cooling rate must 
be rapid enough so that a hard marten¬ 
sitic area is formed; and second, an ap¬ 
preciable amount of hydrogen must be 
taken up from the atmosphere during 
welding. Other factors, such as retained 
austenite which transforms at or near 
room temperature and stress developed in 
various manners, are suggested to explain 
the mechanism by which these cracks 
originate. 

I here is now sufficient information 
available to show that restraint and 
thermal stresses in the weld are not the 
primary causes of underbead cracking but 
are responsible only for crack propaga¬ 
tion. The evidence indicates that the 
hard martensite structure is embrittled or 
ruptured in some manner by the hydrogen 
and that the cracks are then propagated 
by restraint and thermal stresses. 

In order to prevent underbead cracking 
in the low-alloy steels, care must be exer¬ 
cised in the selection of the factors con- 
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trolling the cooling rate of the heat- 
affected zone. The optimum conditions 
are those which, during the cooling cycle, 
promote complete transformation of the 
austenite at a relatively high temperature. 
If the transformation is completed at a 
sufficiently high temperature, which can 
be accomplished by slow cooling, the 
presence of hydrogen is not detrimental. 
The high-temperature transformation pre¬ 
vents the formation of the hard marten¬ 
sitic structure and the slower cooling rate 
provides more time at elevated tempera¬ 
ture for the hydrogen to diffuse out of 
the steel. The possibility of retained aus¬ 
tenite is also reduced. Since the addition 
of the alloys commonly used causes the 
steel to transform more sluggishly, it is 
obvious that slower cooling rates are re¬ 
quired than for plain-carbon steels. 

While the optimum theoretical cooling 
rate may be approximated from S-curve 
data, this is not a satisfactory approach 
to the practical problems of arc welding 
because of the extreme difficulty in deter¬ 
mining the cooling rate in the .heat- 
affected zone and because of the influence 
of banding or alloy segregation which will 
be discussed later. In practice, therefore, 
the preheating and postheating cycles 
used for controlling the cooling rate are 
usually established empirically from past 
experience and experimentation. 

More success has been had in applying 
cooling-curve data to spot welding where 
heating and cooling conditions can be 
more easily measured and controlled and 
hydrogen is not a factor. 

In addition to the cooling rate and the 
chemical composition of the steel, the 
rate of heating may be important since 
wide ranges may be encountered, depend¬ 
ing upon the welding process used, such 
as the extremely rapid rates developed in 
spot welding and the slow heating devel¬ 
oped in oxy-acetylene welding. Another 
variable which is especially important in 
metal-arc welding is the atmosphere sur¬ 
rounding the arc since this may be a 
source of hydrogen. 

Recently, special electrode coatings 
have been developed that are low in hy¬ 
drogen-producing ingredients, thus reduc¬ 
ing the hydrogen content of the arc atmos¬ 
phere (see Chapter 38). Together with 
preheat and postheat, such factors as the 
section size, power input, rate of welding 
and number of passes all affect the rate of 
heating and cooling. 


Influence of Different Alloys .—The al¬ 
loying elements commonly used in low- 
alloy steels, in addition to carbon, are 
chromium, copper, manganese, molybde¬ 
num, nickel, phosphorus, silicon and vana¬ 
dium. The effect of these elements upon 
the metallurgical response during welding 
is similar to their influence upon harden- 
ability. The steels with high hardenabil- 
ity are those which transform sluggishly 
and, therefore, can be fully hardened with 
a relatively slow cooling rate. 

In addition to carbon, which has the 
most pronounced effect, manganese, mo¬ 
lybdenum and chromium (Fig. 10) in¬ 
crease the hardenability to a marked ex¬ 
tent, while copper, nickel and silicon are 
much less effective. 



While the influence of vanadium, espe¬ 
cially when present in amounts of 0.03% 
or less, is a controversial subject, it ap¬ 
pears that the hardening effect of this al¬ 
loy is relatively insignificant. Phos¬ 
phorus, although usually present in a 
small amount, increases the hardenability 
and should be considered when used as an 
alloy. 

Since the carbon content establishes the 
maximum hardness that may be developed 
upon rapid cooling, and because of its in¬ 
fluence upon hardenability, the . carbon 
content is usually kept low in alloy steels 
that are to be fabricated by welding. 

It is generally considered advantageous 
to obtain the desired tensile properties by 
the addition of small quantities of several 
alloys instead of using a larger addition 
of a single element, because experience 
has indicated that the combination is more 
effective and that less difficulty is expe¬ 
rienced with weld cracking and more de- 
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sirable properties may be developed in the 
heat-affected zone. 

Influence of Microstructure .—It has 
been recently recognized that the micro¬ 
structure may also play an influential part 
in determining the behavior of a steel in 
the heat-affected zone adjacent to the 
weld. This effect is especially noticeable 
in alloy steels when the thermal cycle 
during welding is extremely rapid. If the 
prior thermal history of the steel has been 


ture. This phenomenon is illustrated in 
Fig. 11 which shows how differently SAE 
4130 steel, processed in a manner similar 
to aircraft tubing, responds to a rapid 
thermal cycle depending upon the deoxi¬ 
dation practice used in the steel manufac¬ 
ture. These dilatometer cooling curves 
indicate a marked difference in the be¬ 
havior of the carbides, with those in the 
aluminum-titanium-treated steel being the 
least soluble. 



conducive to the development of stable 
carbides, such as chromium, molybdenum 
or titanium carbides of relatively large 
size, the steel will respond to a rapid 
heating and cooling cycle in a manner 
similar to that of a lower carbon steel. 
The reason for this is that during the 
short heating period, there is not sufficient 
time for the carbides to dissolve com¬ 
pletely and diffuse throughout the aus¬ 
tenite. A portion of the carbon is, there 
fore, retained as carbides, thus effectively 
reducing the carbon content of the aus¬ 
tenite which controls the behavior during 
subsequent cooling. In the finer, less 
stable carbide structures, practically all of 
the carbon may be effective because of the 
greater ease with which the carbides can 
go into solution upon heating. 

Since the response to thermal process¬ 
ing during manufacturing may be influ¬ 
enced by the deoxidation practice used in 
making the steel, the aluminum content 
and other special deoxidizers that may be 
present may indirectly influence the metal¬ 
lurgical response during welding because 
<»f their previous effect upon the struc- 


\\ hen the welded structure is subjected 
t<» shock or low-temperature service, the 
microstructure of both the base metal and 
heat-affected zone are important. It is 
generally recognized that notch tough¬ 
ness and resistance to crack propagation 
are inferior in the following microstruc¬ 
tures : (a) a large amount of ferrite; (b) 
upper bainite; and (c) an excessive 
amount of untempered martensite. Better 
performance is associated with lower 
bainite or tempered martensite micro¬ 
structures. 

sllloy Handing .—Alloy banding has 
been found to have a pronounced effect 
upon underbead cracking associated with 
metal-arc welding, the cracking being 
more severe in the strongly banded steels. 

I lie data in big. 12 show how the under- 
bead cracking was reduced in a high- 
strength structural steel by homogenizing 
at 2350 F. for 4 hr. in order to mini¬ 
mize the manganese banding. 

Handing originates with the dendritic 
structure of the ingot and persists 
through the subsequent processing. The 
presence of alloy banding frequently can- 
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not be determined from the microstruc¬ 
ture of the hot-rolled or normalized steel, 
but can be readily detected after slow 
cooling from above the critical tempera¬ 
ture. If the cooling is sufficiently slow 
during the austenite transformation, the 
carbon diffuses into the remaining austen¬ 
itic areas, the last of which are the high- 
alloy bands. When the bands finally 
transform, their locations are outlined by 
bands of pearlite as a result of the carbon 
concentration. 



Fig. 12.—-Effect of Homogenizing Treatment 
on the LTnderbead Weld-Crack Sensitivity of 
a High Strength Structural Steel 


The alloys in the bands diffuse very 
slowly even at relatively high tempera¬ 
tures and obviously persist in the austen¬ 
ite following the heating cycle during 
welding. The metallurgical response of 
such a structure is, therefore, similar to 
that of a composite steel consisting of 
small sections of high- and low-alloy 
steels instead of a homogeneous material. 
For this reason, it is difficult to determine 
the desired cooling rate from S-curve 
data .since the chemical analyses of the 
banded areas are unknown, and banding 
may be expected to a greater or lesser de¬ 
gree in all commercial steels. 


General Procedures for Various Weld¬ 
ing Processes 

Basic Factors .—The general procedures 
which are recommended for the various 


welding processes should be evaluated by 
the following factors: 

1. Welding Design. 

2. Joint Geometry and Preparation 

for Welding. 

3. Joint Welding Procedure. 

4. Heat Treatment Subsequent to 

Welding. 

Design .—This factor is of considerable 
importance in the higher strength alloys 
where mechanical properties in the heat- 
treated conditions exceeding 100,000 psi. 
tensile strengths are required. For the 
low-alloy steels which are used in the 
hot-rolled condition, and in which the ten¬ 
sile strengths do not exceed 100,000 psi., 
this factor is not so important. For these 
grades of steel the same consideration 
which is given to mild steel welding is 
generally applied. For the heat-treated 
grades of low-alloy steels consideration of 
design should be given and the welds lo¬ 
cated, whenever possible, at the least 
critical sections. Consideration must be 
given to the location of welds in order 
that they may be accessible for thorough 
inspection. Where high tensile welds are 
used and where failure of such welds may 
result in loss of life or great property 
damage, accessibility of the welds for ade¬ 
quate inspection is of extreme impor¬ 
tance. For these critical welds, it is 
necessary that both sides of the completed 
weld be accessible for the various methods 
of inspection. Non-destructive inspection 
methods, such as radiography and mag¬ 
netic particle inspection, are most com¬ 
monly used. Other non-destructive meth¬ 
ods, such as the use of flaw detection oils 
and supersonic testing are also employed. 
On some highly stressed structures, proof 
testing is required, which may or may not 
be substituted for some of the other in¬ 
spection methods. In all cases where high 
tensile strengths are required, it is im¬ 
portant that the welding procedure and 
the operators be properly qualified. 

Joint Geometry and Preparation for 
1Velding .—Design of welding grooves for 
the hot-rolled grades of low-alloy steels 
is the same as used for mild steel. For 
the heat-treated grades of alloy steel, 
special attention to the design of the 
welding grooves must be given. The de¬ 
sign of the joint should be such that full 
penetration of the weld metal can be 
readily obtained. V-grooves with root 
openings and with backings are commonly 
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employed. In some cases the parts are 
machined in such a manner that an in¬ 
tegral backing is used. The grooves are 
machined or oxygen cut to certain dimen¬ 
sions, and usually the parts are accurately 
machined so that groove dimensions are 
as uniform as possible. Figure 13 shows 
an airplane landing gear made from heat- 
treated low-alloy steel, which is of welded 
construction and in which welding 
grooves were accurately machined to 
close tolerances so that uniform quality 
was obtained. 



Fig. 13.—Welded Airplane Landing Gear 


The design of groove^ will aNo depend 
to some extent upon tlu* thicknos of the 
material and its location and upon the 
different welding processes which are 

used. 

Joint Wcldinq Procedure .—The weld- 
mg procedures, with respect to preheat, 
postheat and the welding conditions used, 
depend to a large extent on the composi¬ 
tion of the materials being welded and 
also on the welding process used. The 
el I f/ S Standard Qualification Procedure 
or the 4 dS.MI 1 Holier Construction Code, 
Section IX, might be referred to as a 
guide in qualification of welding proce¬ 
dures. 

Heat treatment Subsequent to IVcld- 
xn 9- —I he heat treatment given to the 
hot-rolled grades of low-alloy weldments 
may consist either of a stress-relief heat 
treatment for the relieving of high re¬ 
sidual stresses or tor reasons of machining 


stability. For some grades of alloys, stress 
relief is performed at 1150 to 1200° F. 
For the precipitation-hardening types of 
alloy steels, stress relieving is usually 
carried out at lower temperatures where 
it also increases the tensile strength of 
the weld metal. In any case, the stress- 
relief heat treatments for the various types 
of hot-rolled alloy steels must be given 
careful consideration. For many applica¬ 
tions, the stress-relief heat treatment is 
not necessary and is not required. Post¬ 
heat treatment for the heat-treated grades 
of low-alloy steels is usually mandatory 
and may consist either of a stress-relief 
heat treatment or a complete heat treat¬ 
ment to develop required mechanical 
properties. For high-strength weldments, 
where the tensile strength requirements 
are in excess of 100,000 psi., complete 
heat treatment after welding is generally 
recommended. This heat treatment 
usually obliterates the heat-affected areas 
adjacent to welds and also reduces local¬ 
ized welding stresses. When stress-relief 
heat treatment is used, the stress-relieving 
temperatures may range from 700 to 1200° 
1*'. depending upon prior heat treatment of 
the parts. 

Metal-Arc Welding 

Shielded Metal-Arc l P elding. —The 
shielded metal arc welding process is 
commonly used in the welding of hot- 
rolled. low alloy steels. Electrodes which 
are available for welding these steels 
have been classified by the American 
Welding Society and are commercially 
available for a wide range of tensile 
properties (see Chapter 38). Several 
basic types of electrodes are available for 
the welding of alloy steels, such as the 
shallow penetration, deep penetration and 
low-hydrogen, commonly referred to as 
the lime-ferritic types of electrodes. The 
shallow penetration type of electrode is 
often preferred on the low-alloy, hot-rolled 
grades 01 steels because it causes little 
dilution of the base metal to occur. This 
type of electrode is most commonly used 
for making fillet welds in this class of 
alloy steels. For making butt welds, or 
where deeper penetration of the weld 
metal is required, the low-hydrogen type 
of electrode is very satisfactory. These 
types of electrodes are available in var¬ 
ious ranges of tensile strength. For many 
applications, where single layer deposits 
give sufficient strength, mild-steel elec- 
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trodes of the E60 series are used. Where 
greater strength of the weld metal is re¬ 
quired, the higher tensile electrodes are 
used. 

For the heat-treated grades of low- 
alloy steel, in which tensile strength in ex¬ 
cess of 100,000 psi. is required after heat 
treatment, electrodes of the E 100 Series 
are generally used. 

Austenitic types of electrode are also 
commonly used in the welding of the hot- 
rolled and heat-treated alloy steels. 
These electrodes are usually used after 
the base plates have been heat treated. In 
general, it is recommended that the post¬ 
welding treatment should not exceed a 
stress-relief heat-treatment temperature of 
1150 to 1200° F. The following standard 


similar to that employed for shielded 
metal-arc welding, while for other cases 
it is similar to that used for oxy-acety- 
lene welding. Procedure qualification 
test plates should be made to qualify the 
process. (See Chapter 12 for further in¬ 
formation on the fundamentals of inert- 
gas metal-arc welding.) 

Atomic Hydrogen Welding. —-This pro¬ 
cess is used for welding hot-rolled and 
heat-treated low-alloy tensile steels. This 
process is generally restricted to use on 
lighter gage materials. Comments in re¬ 
gard to this process are the same as those 
applied to inert-gas metal-arc welding. 
(See Chapter 11 for further information 
on the fundamentals of atomic hydrogen 
welding.) 



Fig. 14.—Shielded Metal-Arc Welded Aerial Torpedo 


classifications of austenitic electrodes are 

used—E 310 (25 Cr-20 Ni), E 309 (25 
Cr-12 Ni) and E 308 (19 Cr-9 Ni). 

Figure 14 shows a shielded metal-arc 
welded aerial torpedo made from heat- 
treated low-alloy steel. The welds have 
a tensile strength in excess of 120.000 
psi. This air flask contains a number of 
girth seams which were manually welded 
using coated high-tensile electrodes. (See 
Chapter 10 for further information on the 
fundamentals of shielded metal-arc weld¬ 
ing.) 

Inert-Gas Metal-Arc Welding. —The 
inert-gas metal-arc welding process is be¬ 
ing used in the welding of hot-rolled 
and heat-treated grades of low-alloy 
steels. At the present time, this process 
is restricted to the lighter gages of ma¬ 
terial but has applications to the welding 
of heavier sections. For very light sec¬ 
tions no filler metal is necessary. Where 
filler metal is added, consideration must 
be given to the composition of such filler 
metal to develop the proper physical prop- 
# erties of the weld. 

The design of welding grooves for inert- 
gas metal-arc welding depends on the 
thickness of material, in some cases being 


Submerged Arc Welding. —The sub¬ 
merged arc welding process is being used 
in the welding of both the hot-rolled and 
heat-treated grades of low-alloy steels 
and the method is very similar to that 
employed in the welding of mild steel. 
Special consideration must be given to the 
type of filler metal used to provide for 
adequate physical strength of the weld 
metal. This process can be used for light 
gages as well as heavier gages in which 
the welding can be done either in one pass 
or multiple-pass procedure. Various 
types of submerged arc fluxes are avail¬ 
able and the proper type must be used 
with the alloy filler metal to obtain opti¬ 
mum results. Either a.c. or d.c. can be 
employed. Procedure qualification test 
plates should be made to qualify the proc¬ 
ess and to ascertain that satisfactory 
physical properties of the weld metal are 
obtained. (See Chapter 13 for further 
information on the fundamentals of sub¬ 
merged arc welding.) 

Resistance Welding 

Spot Welding.—A considerable amount 
of spot welding was used on low-alloy 
steels during the last war with very sue- 
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cessful results. For the hot-rolled grades 
of low-alloy steels, the welding procedure 
is quite similar to that used for mild 
steel with the exception that slight modi¬ 
fications are made for the increased elec¬ 
trical resistance of the material. The 
welding conditions will depend to some 
extent on the alloy used and on its sus¬ 
ceptibility to hardening of the weld metal 
and heat-affected zone. For those alloys 
having high hardenability, special weld¬ 
ing procedures were developed and were 
incorporated in the automatic control of 
the spot welding machine. It was possible 
to incorporate in the control preheating, 
welding, grain refinement and tempering 
heat treatments. Off-current periods for 
cooling between tlie various operations 
referred to are incorporated, and all of 
these cycles are adjustable so that the 
proper degree of heating and cooling can 
be closely controlled. Qualification of 
the welding cycle used is important and 
is usually checked by making preliminary 
test samples and checking these by mak¬ 
ing hardness surveys of the spot welds 
and also a metallurgical examination 
for the microstructure of the weld and 
base metal. (See Chapter 16 for further 
information on the fundamentals of spot 
welding ) 


ness of the welds. The same factors are 
considered for projection welding as were 
discussed for spot welding. (See Chapter 
16 for further information on the funda¬ 
mentals of seam and projection welding.) 

Flash Welding. —The procedure used 
for flash welding of the hot-rolled grades 
and the heat-treated grades of low-alloy 
steels is very similar to that used for 
plain carbon steels. In some cases, the 
adjustment of the current and the length 
of burn-off varies to compensate for the 
higher electrical resistance of the mate¬ 
rial. Welding procedures should be estab¬ 
lished for the particular alloy which is 
used, and should be qualified by suitable 
tests to determine that the required 
mechancial properties have been obtained. 
For the heat-treated, low-alloy steels, or 
alloy steels which are air hardened, pre¬ 
heat is sometimes recommended to avoid 
cracking and to facilitate better welding 
conditions in the flash welding process. 
For the low-alloy steels, the welding cur¬ 
rent is usually less and the burn-off time 
more than for mild steels to compensate 
for the higher electrical resistance of the 
metal. 

Figure 15 shows a flash-welded pro¬ 
peller blade fabricated from SAE 4335 
alloy steel. This blade was heat treated 



Fig. 15 —-Flash Woldad Propeller Blade 


Seam and Projection 11 7 elding .—Seam 
welding is usually limited to the hot- 
rolled grades of low-alloy steels and to 
those alloys having low hardenability. 
1 he conditions for projection welding of 
the low-alloy steels are very similar to 
those used for welding of mild steel, ex¬ 
cept that in many cases a postwelding 
heat treatment is used to reduce the hard- 


after welding. (See Chapter 17 for 
further information on the fundamentals 
of flash welding.) 

Gas Welding 

The gas welding process is readily 
adaptable to the welding of the hot-rolled 
grades and heat-treated grades of low- 
alloy steels and presents no problem other 
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than the proper selection of filler metal 
which is to be added to obtain the desired 
physical properties. The same joint 
geometry construction is used in welding 
the low-alloy steels as is used for weld¬ 
ing mild carbon steels. The selection of 
suitable filler metal is important and pro¬ 
cedure qualification tests must be made. 
In some applications, filler metal different 
in composition than the base metal is in¬ 
corporated to compensate for some of the 
losses which sometime occur during weld¬ 
ing . Because the heat liberated to the 
adjoining plate by this process is greater 
than with arc welding, postheat treatment 
is necessary for the heat-treatable low- 
alloy steels to refine the grain structure. 
(See Chapter 5 for more detailed informa¬ 
tion on gas welding.) 

Brazing 

The hot-rolled grades of low-alloy 
steels are brazed in the same manner that 
is used for brazing mild steels. Special 
filler metal compositions are available, 
giving a range of shear strength for the 
brazed joints. The brazing operation is 
not recommended for the heat-treated 
grades of low-alloy steels where tensile 
strength in excess of 100.000 psi. is re¬ 
quired or where heat treatment above 
1200° F. is necessary. (See Chapter 22.) 

Other Welding Processes 

Pressure gas welding and thermit 
welding are used to weld alloy steels to 
a limited extent. (See Chapters 7 and 19 
for information on these processes.) 

COMMON APPLICATIONS 

Hot-rolled, low-alloy steels, commonly 
called high-strength, low-alloy steels or 
mild alloy steels, find wide application in 
those fields where a reduction in thickness 


and weight may mean a saving in orig¬ 
inal cost or in operating costs. These 
steels provide an increase in the static 
strength, the endurance limit and the life 
under atmospheric corrosion as compared 
with plain-carbon structural steels with¬ 
out any material difference in weldability 
or ability to be cold formed. 

These steels are used by all of the 
principal steel-consuming industries. Ap¬ 
proximately one-half of the production of 
high-strength steels has been shipped to 
manufacturers of transportation equip¬ 
ment. Mining, construction, earth mov¬ 
ing. material handling and machinery in¬ 
dustries are important consumers. Typi¬ 
cal applications are railroad and industrial 
cars (see Chapter 53), truck bodies (see 
Chapter 54), frames and structural mem¬ 
bers (see Chapter 47), cranes, shovels, 
booms, chutes, conveyors and automotive 
bumper face bars. 

Heat-treatable steels of low carbon con¬ 
tent and alloy content similar to or some¬ 
what lower than that of the low-alloy, 
high-strength, hot-rolled grades, when 
properly quenched and tempered, have 
strength and toughness properties mark¬ 
edly superior to those for the hot-rolled 
condition. Weldability is practically 

equivalent for the same chemical com¬ 
position. 

Experience with ordnance vehicles and 
bombs has proved the feasibility of using 
steels welded in the quenched and temp¬ 
ered condition for highly stressed struc¬ 
tures. Heat-treated, low-alloy steels 
with carbon content exceeding 0.15% are 
satisfactorily welded with austenitic elec¬ 
trodes or special types of ferritic 

electrodes. Welded armored vehicles 

withstood battle damage with practically 
no shock failures associated with the 
effects of welding. 
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CHAPTER 30 


CHROMIUM IRONS AND STEELS* 


GENERAL PROPERTIES 

Classification of Chromium Irons and 
Steels 

This chapter covers chromium irons 
and steels containing from 3 to 30% 
chromium. Steels having less than 3% 
chromium are classified as low-alloy 
steels and are covered in Chapter 29. 


erties. Table 1 lists typical chromium 
irons and steels in the 3 to 30% range, 
as classified by the American Society for 
Testing Materials and the American Iron 
and Steel Institute. Table 2 lists the 
properties of these materials. 

The name chromium irons has been ap¬ 
plied by industry to differentiate between 
the non-hardening types of straight chro- 



Table 1 

—Chemical Compositions of Chromium Irons and Steels 

ASTM 

Spec. 

or 

AISI 

Type 

No. 



Che 

mical Compositk 

P, s, 

Max. Max. 

07 


c, 

Max. 

Mn, 
Range 
or Max. 

WLlV. J 

Si, 

Range 
or Max. 

>n * /o 

Cr, 

Range 

Other 

Elements 

A213-T21 0 

0.15 

0.30-0.60 

0.50 

0.03 

0.03 

2.75-3.25 

0.80-1.00 Mo 

A213-T5& 

0.15 

0.30-0.60 

0.50 

0.03 

0.03 

4.00-6.00 

0.45-0.65 Mo 

A213-TI3 c 

0.15 

0.30-0.60 

1.00-2.00 

0.03 

0.03 

4.00-6.00 

0.45-0.65 Mo 

A213-T7 b 

0.15 

0.30-0.60 

0.50-1.00 

0.03 

0.03 

6.00-8.00 

0.45-0.65 Mo 

A213-T9 b 

0.15 

0.30-0.60 

0.50-1.00 

0.03 

0.03 

8.00-10.00 

0.90-1.10 Mo 

502 

0.10 

1.00 

1.00 

0.04 

0.03 

4.00-6.00 


403 

0.15 

1.00 

0.50 

0.04 

0.03 

11.50-13.00 


405 

0.08 

1.00 

1.00 

0.04 

0.03 

11.50-13.00 

0.10-0.30 A1 

410 

0.15 

1.00 

1.00 

0.04 

0.03 

11.50-13.50 


414 

0.15 

1.00 

1.00 

0.04 

0.03 

11.50-13.00 

1.25-2.50 Ni 

430 

0.12 

1.00 

1.00 

0.04 

0.03 

14.00-18.00 


431 

0.20 

1.00 

1.00 

0.04 

0.03 

15.00-17.00 

1.25-2.50 Ni 

442 

0.20 

1.00 

1.00 

0.04 

0.03 

18.00-23.00 


443 

0.20 

1.00 

1.00 

0.04 

0.03 

18.00-23.00 

0.90-1.25 Cu 

446 

0.35 

1.00 

1.00 

0.04 

0.03 

23.00-27.00 

0.25 max. N 


a ASTM Specification A200 Grade 5 is similar. 

b ASTM Specifications A158 Symbols P5a, P16 and P17, and A200 Grades 7, 8 and 9 are similar. 
e ASTM Specification A158 Symbol P5c is similar. 


Straight chromium steels having more 
than 30% chromium are not covered since 
they have not yet attained commercial im¬ 
portance. The straight chromium steels 
include the alloys of iron, chromium and 
carbon with some grades containing small 
percentages of nickel, tungsten, molyb¬ 
denum, aluminum, selenium or nitrogen. 
These are distinguished from the chro¬ 
mium steels which contain nickel in suf¬ 
ficient quantities to make them austenitic 
or otherwise materially alter their prop- 

* Prepared by a committee consisting of E. C. 
Chapman, Combustion Engineering-Superheater, 
Inc., Chairman; R. W. Emerson, Pittsburgh 
Piping & Equipment Co.; E. R. Seabloom, Crane 
Co. 


mium steels and the cutlery grades or 
other hardening types, which are called 
steels, but since there is no distinct di¬ 
vision, the single term steels will be used 
throughout this chapter. 

From the welding standpoint, the chro¬ 
mium steels with carbon contents of 0.07 
to 0.15% can be divided into two general 
groups: hardening and non-hardening. 
Those in the hardening group include the 
3 to 10% chromium steels, with molyb¬ 
denum, which are primarily bainitic and 
the martensitic steels having 10 to 14% 
chromium. These steels all display air¬ 
hardening characteristics and show split 
or suppressed transformations on cooling. 
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Table 2—Mechanical Properties of Annealed Chromium Steels at Room Temperature 


ASTM 
Spec, or 
AISI 
Type No. 

Alloy 

Tensile 

Strength, 

Psi., 

Min. 

Yield 

Point, 

Psi., 

Min. 

Elonga¬ 

tion 

in 2 In., 
%, Min. 

Brinell 

Hard¬ 

ness, 

Max. 

Coefficient 
of Thermal 
Expansion 
per °F. a 

A213-T21 

2 ^- 3 H Cr, 0.90 Mo 

60,000 

25,000 

30 

163 

7.8 

X 

10-6 

A213-T5 

4-0 Cr, 0.50 Mo 

60,000 

25,000 

30 

163 

7.2 

X 

10-« 

A213-T13 

4-G Cr, 0.50 Mo, Si 

60,000 

25,000 

30 

163 

7.3 

X 

10-6 

A2I3-T7 

0-8 Cr, 0.50 Mo 

60,000 

25,000 

30 

179 

6.9 

X 

10-6 

A213-T9 

8-10 Cr, 1.00 Mo 

60,000 

25,000 

30 

179 

7.0 

X 

10-6 

502 

4-G Cr 

65,000 

25,000 

30 

150 

7.2 

X 

10-« 

403 

11 H~ 13 Cr 

75,000 

40,000 

30 

150 

6.4 

X 

10-« 

405 

11M-13 Cr, 0.20 A1 

70,000 

45.000 

35 

150 

6.7 

X 

10-« 

410 

11M-13H Cr 

75,000 

40,000 

30 

150 

6.4 

X 

10-« 

414 

IIH-IZH Cr, 1.87 Ni 

100,000 

80,000 

22 

217 

6.7 

X 

10"« 

430 

14-18 Cr 

75,000 

40,000 

35 

160 

6.2 

X 

10-« 

431 

15-17 Cr. 1.87 Ni 

125,000 

95,000 

20 

250 

6.8 

X 

10-« 

442 

18-23 Cr 

85,000 

45,000 

20 

175 

6.4 

X 

10-6 

443 

18-23 Cr, 1.00 Cu 

90,000 

50,000 

20 

187 

6.4 

X 

IQ" 6 

440 

23-27 Cr, 0.25 N 

85,000 

55,000 

25 

180 

6.4 

X 

IQ"® 


° Mean coefficient of thermal expansion 32 to 1000°F. 


Split transformations usually result in 
some ferrite and pearlite along with bain- 
ite and/or martensite. Steels in the non¬ 
hardening group are ferritic and contain 
from 18 to 30% chromium. These do not 
harden, even when cooled rapidly from the 
welding heat, since with normal carbon 
contents they generally have no critical 
transformations. 

Between these two groups, there is a 
range of steels having 14 to 18% chro¬ 
mium that are partly martensitic and 
partly ferritic, their behavior depending 
upon the chromium content with respect 
to the amount of carbon. 

Chromium steels have numerous appli¬ 
cations but are primarily utilized for re¬ 
sistance to oxidation and corrosion, the 
operating temperature and corrosive en¬ 
vironment determining the steel to use. 
Resistance to oxidation increases with the 
percentage of chromium, as illustrated in 
Fig. 1, which shows the loss in weight in 
Vs-in cubes by oxidation at 1000°C. 
(1830° F.) for 48 hrs., and the same is 
generally true for corrosion resistance, as 
shown in Table 3. 


The lower chromium grades, from 3 
to 10% Cr, as a rule have molybdenum 
additions ranging from 0.50 to 1.50%, as 
indicated in Table 1, to impart creep 
strength and resistance to temper em¬ 
brittlement and are therefore used ex¬ 
tensively at high temperatures, mostly in 
oil refinery service where oxidation and 
corrosion are rather moderate. The 3 to 
5% chromium, 0.5 to 1% molybdenum al¬ 
loys are also employed to a lesser degree 
in steam superheaters and in steam power 
plant piping operating at temperatures up 
to 1150'F. While in such applications 
the chromium contributes to oxidation re¬ 
sistance, it also offsets the danger of 
graphitization in the weld and heat-af¬ 
fected zones, experienced with some of 
the carbon-molybdenum steels, by pro¬ 
ducing a spheroidized or stable carbide 
structure. 

Steels having chromium in the range of 
10 to 14% have a wide field of usage. 
Since they are of the stainless type and 
have good mechanical properties combined 
with excellent resistance to erosion, often 
encountered with high velocity fluid flow, 


Tablo 3—-Results of Corrosion Tests of Chromium Steels in Nitric Acid 


Thickness 





A • % f * Iff a 



Heat Treatment, °P. 

Average 

Penetration, 
In./Month 

s ■ 

C 

r 

i 

c 

i\ n a i y si 
Mn 

Si 

Ni' 

t£-in. plate 

17 

.2 

0 

08 

0 41 

0.37 

0.15 

1425, furnace cooled 

0 00192 

V£-in. weld and plate 

17 

1 

0 

10 

0 48 

0 45 

0 08 

1425, furnace cooled 

0 00108 

t<-in weld and plate 

17 

1 

0 

10 

0 48 

0 45 

0 08 

142-5, water quenched 

0.00209 

V,-in. plate 

1 5 

.3 

0 

00 

0 42 

0 47 

0 06 

1425, furnace cooled 

0 00109 

'%-in wdd and plate 

15 

. 5 

0 

08 

0 4 8 

0 41 

0 10 

1425, furnace cooled 

0 0039.5 

S-in plate 

1 5 

.3 

0 

.09 

0.42 

0 47 

0 00 

142-5, water quenched 

0.00388 

$*-in. weld and plate 

1 2 

1 

0 

10 

0.37 

0 43 

0.1.5 

1425, furnace cooled 

0 01055 

H-in. plate (0 22 Al) 

12 

.0 

0 

08 

0 45 

0.37 

0 10 

1425, water quenched 

o 01713 


A V A ; V M ,n Iestefl for r * v * «-hrPeriods in boiIin K 

nitric acid Acid renewed for each period. Penetration rates given are average for five periods* 
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they are suitable for turbine blading and 
valve seat facings. 

Of the steels in the 14 to 18% chromium 
group, the group of 15 to 16% chromium 
steels is an important one because of the 
corrosion resistance to nitric acid of these 
steels and because they are the least diffi¬ 
cult of the straight chromium steels to 
weld. 


from the welding heat. The hardenability 
and thermal sluggishness increase with 
increasing chromium, carbon and molyb¬ 
denum, thus producing split or suppressed 
transformations on cooling from high tem¬ 
peratures. The amount of hardening is 
somewhat dependent upon the rate of 
cooling, particularly with the 3 to 10% 
chromium-molybdenum steels. With car- 



* 6 12 16 20 24 28 32 

Per Cent Chromium Content 

Fig. 1.—Loss of Weight in */a-In. Cubes by Oxidation at 

1000°C. for 48 Hr. 


The 18 to 30% chromium steels, par¬ 
ticularly in the 23 to 30% range, are 
primarily employed for resistance to oxi¬ 
dation at elevated temperatures. They 
are also used in some catalytic refining 
applications instead of the more weldable 
chromium-nickel steels, because nickel is 
believed to have a deleterious effect on 
certain chemical processes. 

Metallurgical and Mechanical Prop¬ 
erties 

The 3 to 10% chromium steels with 
0.50 to 1% molybdenum and the 10 to 
14% straight chromium steels are air¬ 
hardening, that is, the weld and heat- 
affected zones harden when air cooled 


bon contents below about 0.08%, no, or 
very weak, suppressed transformations 
occur at slow cooling rates (see Fig. 2) 
whereas with more rapid cooling, such as 
in welding, split or suppressed trans¬ 
formations are encountered as shown in 
Fig. 3. When the carbon content is above 
about 0.10%, the transformations are gen¬ 
erally suppressed regardless of cooling 
rate, as illustrated by Figs. 4 and 5. 
There is a minor exception to this last 
statement. The 8 to 10% chromium 
steels, because of their lower carbon con¬ 
tents and the combined effect of chromium 
and molybdenum, particularly the latter, 
contain untransformed (delta) ferrite, 
thus reducing the thermal sluggishness 
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Temperature. °F. &/? 

R.T. 212 592 572 752 952 J112 1292 1472 1652 1852"° C Mo Cr VPU 



Fi a . 2.—Thermal Cooling Curves of Low-Carbon Chromium-Molybdenum Steels (Slow Cooling 
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Temperature, °E 

PI 212 59? 572 752 932 11)2 129? 1472 


2.2 


1652 /S32 Sen 

NO. C Mo Cr VPN. 
/ 007 To 235 135 


4 007 026 2.49 126 

8 008 0.58 2.65 173 

12 0.02 1.16 235 144 


20 


1.8 


!8 0.08 Tn 5.22 177 

21 007 0.26 4.87 256 
25 0.07 0.55 453 230 


1.6 


%V/A 


32 003 1.12 5.06 145 
35 0.03 1.62 508 153 


38 0.07 7? 6.65 340 
4i 0.05 025 7.06 301 


1.2 


44- 0.02 0.55 7.53 198 

47 003 1.03 701 190 

51 002 159 7.09 145 


1.0 


55 005 Tn 9.02 327 


08 


0.6 


ms 


58 0.04 023 8.97 257 

61 003 0.54 900 170 

65 0.03 1.08 6.90 188 

68 002 1.65 676 Ibo 


0.4 


02 




O 

P1100 200 


Average Cooling Pate-50°C.(90°'E Min.) 


400 600 600 

Temperature, °C. 


lOOO 


Fig. 3.“Thermal Cooling Curves of Low-Carbon Chromium-Molybdenum 
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Temperature. °F ^ 
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Fig. 4.—Thermal Cooling Curves of High-Carbon Chromium-Molyb¬ 
denum Steels (Slow Cooling Rate) 
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Fig. 5.—Thermal Cooling Curves of High-Carbon Chromium-Molyb¬ 
denum Steels (Rapid Cooling Rate) 
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and hardenability. The 10 to 14% 
straight chromium steels are decidedly 
air-hardening and display very marked 
suppressed transformations even at slow- 
cooling rates (see Fig. 6 ). The im¬ 
portant thing about suppressed trans¬ 
formations is that they occur at tempera¬ 
tures at which the metal is no longer 
plastic, creating internal stresses which, 
unless relieved by suitable techniques, 
may result in cracked welds. 



Fig. 6.—Thermal Cooling Curve for 12% 
Straight Chromium Steel with 0.12% Carbon 
(Slow Cooling Rate, S.8 J F. per Min.) 


Carbide-forming agents, such as colum- 
bium and titanium, have been used to 
some extent. mo*tly on 4—6% chromium, 
' L% molybdenum steel*. Both of these 
elements have a high affinity for carbon 
and tend to form stable carbides. Thus, 
tlie carbon i* made inactive and pro¬ 
nounced hardening cannot result unless 
the temperature is sufficiently high to per¬ 
mit these carbides to enter into solid 
solution. 

Chromium is also a strong ferrite former 
and as the chromium is increased 
above 14%, the alpha-gamma transforma¬ 
tion is gradually eliminated so that a 
single-phase alloy of ferrite finally results 
at about 17 to 18% chromium with carbon 
under 0.10%. Iron-chromium alloys hav¬ 
ing 14 to 18% chromium are called transi- 
,,nn nllnvx The proportion of martensite 


and ferrite in a transition alloy varies 
with the composition, carbon having the 
greatest influence in promoting marten¬ 
site. Referring to the constitutional dia¬ 
gram in Fig. 7, which shows the struc¬ 
tures in steels of various carbon and chro¬ 
mium contents in ‘A-in. cubes air cooled 
from 1830° F., the effect of carbon on ex¬ 
tending the martensitic range toward the 
higher chromium alloys is apparent. The 
steels in the transitory group having 14 
to 18% chromium do not harden to as 
great an extent as the 10 to 14% chro¬ 
mium steels nor do they develop grain 
growth with resultant brittleness as do 
the 18 to 30% chromium steels. However, 
there is no distinct line of demarkation 
in behavior of this group; that is, those 
having lower chromium contents will act 
similar to the martensitic grades and 
those having higher chromium will dis¬ 
play characteristics somewhat like the 
ferritic types. 

I he 18 to 30% chromium steels are 
entirely ferritic and generally do not have 
critical points. The maximum carbon 
contents specified for the commercial 
grades are higher than for the other types 
of chromium steel but this does not cause 
perceptible air-hardening. Higher carbon 
is beneficial in the ferritic steels for re¬ 
ducing grain size and brittleness, whereas 
in the martensitic and bainitic types car¬ 
bon should preferably be under 0.10%. 

Since the ferritic steels are normally 
single-phase alloys, except for small 
amounts of carbide, they do not respond 
to beat treatment. Therefore, with the 
exception of mechanical working, there is 
no possibility of refining coarse grains 
shown in Fig. 8, which result from weld¬ 
ing temperatures in both the beat-affected 
base material and the multilayer deposited 
metal. The weld shown in Fig. 8 was 
made without preheat but stress relieved 
at 1480°F. The columnar grains of fer¬ 
rite reduce the ductility and impact 
strength of the steel. These steels, with¬ 
out grain refinement, are extremely notch 
sensitive and stress raisers, such as sharp 
re-entrant angles, undercuts and surface 
irregularities, should be avoided. A hard 
and brittle constituent identified as sigma 
phase may also develop on prolonged 
beating, particularly in stressed or worked 
metal. Ferritic chromium steels are usu¬ 
ally ductile at elevated temperatures but 
are brittle below 200°F if the sigma 
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phase constituent is present or if the grain 
has not been refined. Most welds in the 
higher straight chromium steels are made 
with E310, E309 or 27-4 chromium-nickel 
austenitic or partially austenitic electrodes 
to produce better ductility in the deposited 
metal than obtained with straight chro¬ 
mium electrodes. However, some grain 
growth will occur in the base metal, as 


with sigma phase. Extended heating at 
from 700 to 1000°F. or slow cooling 
through this range also causes brittleness 
and some authorities believe the effect is 
similar to the temper embrittlement which 
occurs in lower alloy steels upon slow 
cooling after tempering. The ductility of 
these steels may be restored by proper 
annealing. 



Fig. 7.—Constitutional Diagram for Chromium Steels 


shown in Fig. 9 which illustrates a weld 
made with a preheat of 450°F., resulting 
in a broadened heat-affected zone and in¬ 
creased grain size. Usually 0.10 to 0.25% 
nitrogen is added to the 23 to 30% 
chromium steels to refine the grain struc¬ 
ture and inhibit grain growth at high 
temperatures, but it does not appear to 
improve impact properties in the weld 
metal appreciably. 

The mechanical properties of annealed 
chromium steels at room temperature are 
listed in Table 2. In steels having be¬ 
tween 3 and 14% chromium the tensile 
strength, yield point, elongation and hard¬ 
ness can be varied by heat treatment, but 
in the higher chromium steels these prop¬ 
erties can only be altered by mechanical 
hot or cold working. Since all of these 
steels are frequently used on the basis of 
their high temperature creep properties 
rather than their mechanical properties at 
room temperature, reliable creep data 
should be consulted. The 23 to 25% 
chromium steels are subject to embrittle¬ 
ment on prolonged heating in the range 
of 1025 to 1300°F. which is associated 


HOW TO WELD 

General 

All of the welding processes in general 
use for carbon steels and other alloy steels 
are also applicable for welding all types 
and grades of chromium steels. With a 
few exceptions the procedures used with 
these processes for the chromium steels 
follow closely those employed for the other 
steels. Several general basic principles 
apply to the welding of these steels as a 
group which if understood will be help¬ 
ful in appreciating the recommended weld¬ 
ing procedures for the various classes of 
these steels. 

Protection Against Oxidation .—All 
welding processes suitable for the chro¬ 
mium steels involve the use of a non¬ 
oxidizing atmosphere for the purpose of 
excluding air from the liquid metal and/ 
or the provision of a suitable flux for 
assisting in removal of the chromium 
oxide from the liquid weld metal before 
it solidifies. Chromium oxide is an ex¬ 
tremely refractory material which melts 
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at a temperature (3582°F.) far above the 
melting point of steel (2700°F.) or of iron 
oxide (2850 C F.). There are but few ma¬ 
terials which serve as effective fluxes 
for the removal of chromium oxide dur¬ 
ing welding, hence all fluxes employed for 
other steels may not be suitable for the 
chromium steels unless they contain mate¬ 
rials with a capacity for dissolving chro¬ 
mium oxide. This applies to the coverings 
of electrodes for arc welding as well as 



Fig. 8. —Macrograph of Wold in 27 c /c Straight 
Chromium Stool with Weld of Similar Analysis 


to fluxes for gas or submerged arc weld¬ 
ing. However, a flux is seldom used for 
welding these materials with the atomic 
hydrogen or inert-gas metal-arc process 
since the atmospheres employed have 
proved sufficiently effective for prevent¬ 
ing excessive oxidation. The fluorides, 
such as calcium or sodium fluoride, are 
probably the most commonly used ingre¬ 
dients in fluxes and coatings for dissolv¬ 
ing chromium oxide, although others have 
been used and are said to be satisfactory. 
Materials such as cryolite or cryolith are 
frequently used as a source for the fluor¬ 
ides in order to minimize the irritating 
fluorine fumes which these materials emit 
upon heating. 

Non-oxidizing or inert gas protection 
is frequently provided around flash weld¬ 
ing operations, to prevent the formation 
of chromium oxide which is difficult to 
exclude during upsetting. 

Preheating and Inter pass Temperature 
( antral .—Preheating and maintaining the 
proper temperature until the weld is com¬ 
pleted is the safest practice for welding 
the chromium steels. The amount of pre¬ 
heat required for the different groups of 
these steels is given under the discussions 
on eacli group below. There are ex¬ 
ceptions to this preheating requirement, 
such as in certain cases when austenitic 
filler metal is used or when welding thin 


materials, but each case should be care¬ 
fully judged on the basis of the conditions 
and requirements involved. The geometry 
of the weldment, filler metal composition, 
groove design, welding process employed 
and facilities for preheating must all be 
considered when deciding whether or not 
to preheat. The rule when in doubt, pre¬ 
heat, is a good one to follow with these 
materials. 

Preheating these steels: (1) reduces the 
as-welded shrinkage stresses by lowering 
the temperature differential between base 
and weld metal, and by lowering the 
yield point of the material; (2) reduces 
the as-welded hardness of the hardenable 
grades appreciably, but only if the preheat 
is high enough to accelerate metallurgical 
transformations (above about 600°F.) ; 
(3) reduces the tendency to crack by re¬ 
ducing notch sensitivity at the preheating 
temperature. This last effect is the princi¬ 
pal advantage of preheating the high chro¬ 
mium, non-hardenablc, ferritic steels. The 
preheat required to toughen these steels 
is very low as will he shown below. 

Filler Metal .—The welds in chromium 
>teel weldments are usually subjected to 
the same service environment and condi¬ 
tions as the base metal and should have 
at least equivalent properties to with¬ 
stand all service requirements. Two 



r'ig. 9. Macrograph of 25—20 Chromium- 
Nickel WoH in 27 </ c Straight Chromium Steel 
Showing Broadened Heat-Affected Zone and 
Increased Grain Size in Adjacont Base Metal 

general classes of filler metals are em¬ 
ployed: (1) straight chromium filler 

metal duplicating as nearly as practical 
the base metal analysis, including the 
modifying elements such as molybdenum 
and (2) austenitic filler metal having 
chromium and nickel contents sufficient 
and properly proportioned to allow for 
dilution, which results from mixing with 
the base metal, so that the analysis of 


630 


METALS 


the final deposit will provide an acceptable 
amount of austenite. Neither the harden- 
able straight chromium nor the non- 
hardenable ferritic filler metals are used 
unless the weldment is to receive a post¬ 
heat treatment. Hence, practically all field 
welding is done with austenitic filler metal. 
Field welding of any kind is usually not 
permitted for the hardenable grades when 
local heat treatment is not applied or 
where these materials are to be subject to 
stress in service and the operating tem¬ 
perature is insufficient to adequately heat 
treat before the stress load is applied. 
Filler metal of the straight chromium 
analyses offers the advantage of provid¬ 
ing a weld having the same coefficient of 
thermal expansion as the base metal and 
such welds can be more nearly completely 
stress relieved than welds made with 
austenitic filler metal. The use of aus¬ 
tenitic filler metal with its higher coeffici¬ 
ent of thermal expansion results in a weld 
which cannot be effectively stress relieved 
(except when operating continuously at 
a uniform elevated temperature where 
plastic flow can take place over a long 
period of time) and the fatigue effect of 
thermal stresses under cyclic tempera¬ 
ture operation should be considered. 

Fabrication problems are considerably 
lessened by the use of austenitic filler 
metal. Such metal does not harden upon 
quenching and it possesses a high degree 
of notch toughness, both of these proper¬ 
ties being favorable to welding by lessen¬ 
ing the possibility of cracking. While 
preheating is usually desirable it may often 
be omitted, particularly if the weldment 
is to receive a postheat treatment. If no 
postheat treatment is to be administered, 
preheating is often done for the sole pur¬ 
pose of keeping the residual stresses as 
low as possible. A stabilized austenitic 
filler metal is recommended when maxi¬ 
mum corrosion-resisting properties are 
desired. The heat treatment required for 
returning carbides into solution in the 
austenite of unstabilized steels involves 
rapid cooling from a high temperature 
which is not suitable for base metal hav¬ 
ing below about 17 or 18% chromium, 
depending on the carbon content. When 
the welds are to be used in a corrosive 
environment, consideration should be given 
to the possibility of electrolytic corrosion, 
which results from the galvanic current 
produced by dissimilar metals in contact 
when exposed to an electro!vte. This 


problem requires separate consideration 
for each individual application since in 
many environments electrolytic corrosion 
has not proved to be a problem with these 
material combinations. 

The heat effect of welding is the same 
regardless of the filler metal analysis so 
that from the standpoint of mechanical 
properties in the as-welded condition, the 
heat-affected zone is usually the weakest 
point in a joint welded with austenitic 
filler metal. The choice of preheat tem¬ 
perature and whether or not to postheat 
are dependent on the capacity of this 
heat-affected zone to withstand the fab¬ 
ricating and service stresses to which it 
is to be subjected. 

Design .—There are no design limita¬ 
tions which must be observed for these 
particular materials. As in the case of 
any material where the danger of crack¬ 
ing exists, butt joints welded from both 
sides, which can be radiographed, are pre¬ 
ferred to fillet welds. Whenever possible, 
stress concentrations should be avoided 
on higher chromium ferritic welds. 
Groove shapes follow closely those used 
for other steels, although they are some¬ 
times modified to suit the characteristics 
of a particular electrode. The straight 
chromium steels have the same general 
design limitations as other materials when 
the weldments must be heat treated and 
radiographed. The weldment must either 
have sufficient structural strength to re¬ 
sist excessive deformation at the heat- 
treating temperature or the design must 
permit the use of temporary bracing for 
providing the necessary support. For 
radiographing, the back side of the welded 
joint must be accessible in order that the 
film holder can be placed in position. 

3 to 10% Chromium Steels 

Steels having 3 to 10% chromium are 
intensely air-hardening and for this reason 
as low a carbon content as possible with 
a maximum of 0.10% is beneficial and 
this maximum is frequently specified when 
ordering material (see Figs. 2 and 4 for 

effect of carbon on the transformations). 
Filler metal of the same composition as the 
base material when properly heat treated 
has excellent mechanical properties in 
every respect, including good impact and 
fatigue strength. Preheating and inter¬ 
pass temperature control should be con¬ 
sidered as mandatory. The hardness 
of the weld, as deposited, is affected 
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Mo. 3 No 4 



Plate Material.: 5.73 Cmbohium .15 Carbon .52 Mo>-v 

Deposited Metal 4.42 * .13 - .44> 

Three Bead Welds 

Fig. 10.—Hardness of Unannealed Deposited Metal and Heat-Affected Zone in 4-6 Cr Steel 

Weld made with three superimposed lasers. 


but little by preheating unless the preheat 
temperature is above 600°F., and a pre¬ 
heat of this magnitude is frequently im¬ 
practical. Increasing the preheat tem¬ 
perature results in a deeper heat-affected 
zone (see Fig. 10), but other benefits 
make the use of the highest practical pre¬ 
heat temperature desirable. Experience 
has shown that weldments of these steels 
should be heat treated without allowing 
the preheat temperature to drop after 
welding. Such practice often entails 
several interstage heat treatments, but 
their cost is often justified considering the 
cracking hazard which exists if the weld¬ 
ment is allowed to cool before heat treat¬ 
ment. 

A large amount of piping made of steel 
within this range has been used in oil 
refinery service for strength and resistance 
to corrosion at high temperatures. Much 
of this piping has been welded with aus¬ 
tenitic electrodes and has given very satis¬ 
factory service. Some of it has been put 
into service without any heat treatment. 


but this practice is not recommended. 
Superheater tubing and headers in steam 
generating units have utilized lesser 
amounts, but this is considered a highly 
important application for this material. 
Flash welding is a commonly used method 
for joining superheater tubes. The ad¬ 
dition of titanium or columbium to the 
tube material for the purpose of combin¬ 
ing with the carbon and thus shortening 
the heat treating time required for flash- 
welded joints has proved to be a means 
for speeding production. The use of these 
non-hardening agents in filler metal lias 
not received wide approval because of the 
very close analysis limits which must be 
held. If the titanium or columbium con¬ 
tent materially exceeds the amount re¬ 
quired to completely combine with all 
of the carbon, a ferritic weld having a 
columnar structure and low notched im¬ 
pact strength, will be obtained. 

1 he results of mechanical tests made 
on a typical weld in 5% chromium plate 
are shown in 1 able 4. Throughout the 
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range of 3 to 10% chromium, the maxi¬ 
mum hardness of the weld and heat-af¬ 
fected zone which results from rapid cool¬ 
ing is very nearly the same, although 
somewhat less difficulty has been experi¬ 
enced with welding steels having from 3 
to 3.5% chromium. The mechanical prop¬ 
erties at room temperature after heat 
treatment are practically the same 
throughout the range. The same welding 
procedures are recommended for any analy¬ 
sis within this range. 

11 to 14% Chromium Steels 

Chromium steels having 11 to 14% 
chromium may be considered similar to 
the 3 to 10% chromium steels as regards 
air-hardening properties and the welding 
procedures for welding both groups are 
identical. In considering those properties 
which influence weldability, the chief dif¬ 
ference between the two groups probably 
lies in the lower thermal conductivity of 
the higher chromium steels. An increase 
in chromium sharply decreases thermal 
conductivity (see Fig. 11) and this trend, 
although favorable to welding in most 
cases, can have a harmful effect in others. 
Additional information on this subject is 
furnished in the discussions of the various 
processes. Probably the greatest usage 
for these steels has been for linings of 
pressure vessels employed in oil-refining 
processes; they have also been used as 
the cladding of clad steels which have 
gone into pressure vessels for the same 
type of service (see Chapters 37A and 
37B). Such linings are usually very light 
and since the joints are usually welded 
with austenitic electrodes, no preheat is 
employed. 

These steels are seldom used for strength 
at high temperatures because of their low 
creep strength, and molybdenum is not 
added for improving creep strength be¬ 
cause this element promotes the formation 
of ferrite with its characteristic notch 
sensitivity. Aluminum has proved to be 
an effective non-hardening agent which 
does not appreciably affect other impor¬ 
tant properties of the material. Figure 12 
shows a comparison between the hardness 
in the heat-affected zones of a 12.4% 
chromium steel having 0.09% carbon and 
a steel of approximately the same analysis 
to which 0.26% aluminum has been added. 
Where preheating or final heat treatment 
is not used, this non-hardening steel may 
be employed to advantage. 


Because of the common applications for 
these steels, most of the welding has been 
done with austenitic filler metal. How¬ 
ever, weld metal having the same analysis 
as the base metal exhibits excellent prop¬ 
erties after heat treatment as can be de¬ 
termined from the data in Table 5. 

Reference to Fig. 1 will show that steels 
within this group have been given the 
popular name of stainless steel and resist 
atmospheric corrosion indefinitely. The 
cutlery steels having a higher carbon con¬ 
tent, also fall within this range of chro¬ 
mium, but there is seldom reason to weld 
them. The high-carbon chromium steels 
are also used for dies which sometimes 
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Fig. 11.—Decrease in Thermal Conductivity 
with Increasing Chromium 


must be repaired by welding; this, of 
course, can be done by preheating to a 
sufficient temperature. 


14 to 18% Chromium Steels 

Steels having 14 to 18% chromium 
may be either a martensitic steel with 14% 
chromium, which quenches to a very 
high hardness, or a completely ferritic, 
single-phase alloy with 18% chromium 
which has no transformation points. An 
alloy close to the middle of this range 
having from 15 to 16% chromium has 
been used in very large quantities m 
ammonia oxidation units for the manu¬ 
facture of nitric acid, in vessels for the 
storage of this acid and in tank cars for 
its transportation. 

The materials within this narrow range, 
as would be expected in a transition 
alloy, have physical and corrosion-resist- 
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Bsinell Hardness 

Plate Material. No. fc - Chromium 12.7 Carbon ,09 Aluminum,?^ 

•• •» No. 1 - •* 12.4 - .09 

Wild Material. No.b- *• 13.2 ■ .06 

" ~ No.7- - 12.6 - .075 

Three Bead Welos 


Fig. 12.— -Hardne33 of Unannealed 12—14% Chromium Welds and Heat-Affected Zone 

Weld made with three superimposed la>ers on the hardening and non-hardening types for 
comparison. 


iiiK properties averaging those at the top 
and bottom of the range. 'I hey are 
neither so notch sensitive as the 18% 
chromium steels nor so air-hardening as 
the 14% chromium steels. The mechani¬ 
cal properties of the steels in this group 
are very close to the borderline of accepta¬ 
bility for use in pressure vessels, but they 
have given most satisfactory service in 
such vessels for many years. This equip¬ 
ment has been largely welded with covered 
electrodes depositing the same analysis as 
the base material. A study of tlie notched- 
bar impact properties of these steels (Fig. 
13) as they are affected by temperature 
will show the reason for preheating mate¬ 
rials within this chromium range before 
welding and should also relieve anxiety 
over the notch sensitivity of the welds 
when operating above 150 C F. The transi¬ 
tion from a brittle cleavage fracture to 
a ductile one occurs between temperatures 
of about 100 and 250° F. and when the 
fracture is completely fibrous the notched- 
bar impact strength is excellent. Shift¬ 
ing of this transition range to a lower 


temperature range may he accomplished 
by the addition of modifying elements, 
when this is acceptable to the user. 

Plate material, because of its fibrous 
structure, will show much higher values 
under notched-bar testing at room tem¬ 
perature than weld metal because the 
latter, although only partially ferritic, is 
composed of large columnar grains, which 
are only partially refined by heat treat¬ 
ment. Figure 14 shows a hardness sur¬ 
vey of unannealed welds in 15.56% chro¬ 
mium plate and Table 6 contains test data 
on a weld of this analysis following heat 
treatment. 

20 to 30% Chromium Steels 

Steels having 20 to 30% chromium are 
non-hardening, notch sensitive and are 
single-phase ferritic steels which cannot 
be refined by heat treatment. In multiple- 
pass welds the heat of welding does not 
refine underlying layers of weld metal and 
causes grain growth with an increase in 
notch sensitivity in the heat-affected zone. 
Austenitic filler metal is recommended for 
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Charpy specimen with Izod vee notch. 


welding steels in this range since the 
straight chromium deposits are too brittle 
to carry appreciable stress. The effect 
of rolling when producing plate material 
is to break down the coarse dendritic 
grains of the ingot and produce a fibrous 
structure with favorable directional prop¬ 
erties. An increase in notch sensitivity 
takes place in the heat-affected zone of 
weldments as a result of recrystalliza¬ 
tion and grain growth. The addition of 


nitrogen in amounts up to 0.25% is effec¬ 
tive in improving the structure somewhat 
but the notch sensitivity of welds is only 
slightly improved as can be seen from 
big. 15. Nitrogen is apparently more 
effective for improving the properties of 
wrought material (see Table 7), and the 
addition of nitrogen has become general 
practice in steel making. Figure 16 il¬ 
lustrates the low hardening characteristics 
of a 26.7% chromium steel. 



"Tmpec Sbao Wilds 

Fig. 14.— Hardness of Unannealed 15-16% Chromium Weld Metal and Heat-Affected Zone 

Weld made with three superimposed layers. 
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Because of their poor mechanical prop¬ 
erties, particularly in the heat-affected 
zone of weldments, the use of steels within 
this chromium range has been rather lim¬ 
ited. By adding from 3 to 5% nickel the 
toughness of these steels is improved and 
this modified grade which is partially 
martensitic, has probably been more 
widely used than the steels without modi¬ 
fication. An austenitic filler metal is also 
recommended for this modified steel al¬ 
though filler metal having a composition 
duplicating that of the base metal has 
better properties than the unmodified 
weld metal. 

Shielded Metal Arc Welding 

Commercial covered electrodes are 
available for welding all of the chromium 
steels. Welding electrodes containing 
over 11% chromium have arcing charac¬ 
teristics quite similar to other stainless 
electrodes including the austenitic types 
and some electrotie manufacturers use the 
same basic covering for all electrodes con¬ 
taining over 3% chromium. Electrode 
coatings are not standardized but two 
types in general use are the so-called 
lime and the lime-titania coverings. 


welding has proved effective for reducing 
the porosity 

Chromium has a strong influence on the 
thermal conductivity of steel, the conduc¬ 
tivity decreasing rapidly with increasing 
chromium content, up to 20% chromium 
(see Fig. 11). Lowering the thermal 
conductivity is beneficial for obtaining 
complete fusion when welding thick ma¬ 
terial. but it can result in great difficulty 
with porosity when welding thin material 
because of the tendency for the pool of 
molten metal to overheat. This is true 
with any welding process involving an 
electric arc between the electrode and the 
work. 

W hen welding these steels with aus¬ 
tenitic electrodes, the deposit should be 
sufficiently high in nickel and chromium 
to allow for dilution which results from 
mixing with base metal. E310 electrodes 
( 25% chromium, 20% nickel) have been 
used extensively for welding all grades 
of chromium steels although no dilution 
in chromium results from welding the 
highest chromium steels. Some loss in 
chromium occurs in the arc as a result 
of oxidation and this must be compensated 
for in the analysis of the core wire; the 


Table 6—Teat Data on Annealed 15—16'J, Chromium Weld and Plate 



Thick¬ 

ness, 

In 

— Amtlynts - 

Cr 

C 


mm \ f A * \ % • A T~t ft 

cal Propert 
lilonga- 
tion, 
in 2 In., 

% 

• 

■ ■ ■ — 

Tensile 

Strength, 

Psi. 

cc. fill n i 

Yield 

Point, 

Psi. 

1 (' s ■ ■ 

Reduc¬ 
tion in 
Area, 

% 

Bend 

Iilonga- 

tion, 

c/ 

Weld 

»4 

15 04 

0 os 

77,000 

01,250 

32 

48 

55 

Plate 

*4 

15 75 

0 OH 

70,200 

42,500 

42 

(50 

• # 

Noth 

Charpy ke 

yh<»le notch impact value 

for weld metal 

, 12 to 25 ft 

.-lb. 




Several particular welding difficulties 
seem to be inherent with straight chro¬ 
mium weld deposit** and should be antici¬ 
pated. Internal porosity is often difficult 
to eliminate, particularly when welding in 
any position other than downhand. The 
electrode which deposits a perfectly 
sound weld in the fiat position will often 
prcxluce unacceptable porosity in the verti¬ 
cal and overhead positions. The slagging 
characteristics of these electrodes are not 
as favorable for vertical and overhead 
welding as they are in many carbon steel 
electrodes, and this may contribute to the 
entrapment of porosity. Another factor 
may be the lower fluidity of tlie chromium 
steel weld deposits as compared with 
carbon steel weld metal. Heating the 
electrode to alx>ut 500“F just prior to 


loss in nickel is negligible. \V r ide varia¬ 
tions in arc length should be avoided, 
but most electrodes are not sensitive to 
moderate changes in this variable. In 
order to prevent carbon pickup in the 
deposited metal, materials containing car¬ 
bon are seldom used in coverings of 
electrodes for these alloys. Adjustments 
in analysis are frequently made by addi¬ 
tions of alloying elements to the cover¬ 
ing. This is a convenient method for 
adding molybdenum and other modifying 
elements to produce different grade elec¬ 
trodes with the same core wire. 

Atomic Hydrogen Welding 

Atomic hydrogen welding is used for 
all types and grades of chromium steel 
with excellent results. The welds have 
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good mechanical properties and corrosion 
resistance and the shielding afforded by 
the hydrogen atmosphere is complete 
enough so that a flux is not required. 
Where filler metal is required, bare rods 
of a straight chromium analysis similar 
to that of the base metal or a suitable 
austenitic grade may be used without flux. 


ing the ferritic steels. See Chapter 11 for 
further information on atomic hydrogen 
welding. 

Inert-Gas Metal-Arc Welding 

Either helium or argon may be used 
for welding any of the chromium steels. 
Either d.c., straight polarity or a.c. may 



Charpy specimen with Izod vee notch. 


The choice of filler metal analysis de¬ 
pends on the same factors which govern 
the type of filler metal used with other 
processes. This process has special ad¬ 
vantages for welding edge and corner 
joints in light gage sheet. A common use 
is for seal welding light-walled tubes 
to tube sheets. For such an application 
it has the advantages of oxy-acetylene 
welding as regards close control of the 
fusion rate without its disadvantages of 
carbon pickup, excessive oxidation and a 
low flame temperature. The very high 
temperature of the atomic hydrogen arc 
gives the welder a wide latitude in exer¬ 
cising control over the distance of the arc 
from the work. The heat from the hy¬ 
drogen arc can be used to advantage as a 
means of providing part or all of the pre¬ 
heat required, but overheating of light 
gage sheet must be guarded against to 
avoid troublesome distortion. Overheat¬ 
ing can result in grain growth with ac¬ 
companying embrittlement over a rela¬ 
tively wide heat-affected zone when weld- 


be satisfactorily used with either gas. 
Exclusion of tungsten from the weld 
metal is difficult to prevent completely, 
although it may be minimized by using 
currents within the range recommended 
for the size of electrode being used. 
When tungsten is transferred in the 
form of globules or particles, it shows 
up as white specks in X-ray radiographs. 

This process has been found suitable 
for many applications where atomic hy¬ 
drogen welding has previously been used, 
because of the greater welding speeds 
possible. It is displacing the atomic hy¬ 
drogen process in certain applications for 
welding thin materials where distortion 
must be held to a minimum. It is being 
widely used for seal welding tubes to 
tube sheets and for similar applications. 
When filler metal is required, a bare 
welding rod is used, the composition de¬ 
pending on the same factors as previously 
discussed. When welding butt joints 
without the addition of filler metal, the 
edges to be joined should have no bevel 
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or groove and should be brought together 
with no root opening. A tightly-fitting 
copper backing should be used to hold the 
weld depression on the outside to a mini¬ 
mum, but some depression should be ex¬ 
pected with the best possible backing. 

For information on the general princi¬ 
ples involved and equipment required, 
see Chapter 12. 

Submerged Arc Welding 

All of the chromium steels may be 
welded by submerged arc welding, using 
either the single-pass, double-pass or 
multiple-pass methods. Either a straight 
chromium or austenitic electrode can be 
used. The granular material (flux) used 
should be in accordance with recommenda¬ 
tions of the manufacturer. Reference 
should be made to Chapter 13 for general 
information on this process and equip¬ 
ment required. Because of the high heat 
input when depositing heavy layers, pre¬ 
heating may or may not be required de¬ 
pending upon the geometry of the weld 
ment, but less preheat is generally re¬ 
quired for the same joint than with other 
processes. Only an austenitic electrode 
should be used for welding steels having 
above 16% chromium with this process, 
since the excessively large columnar 
grains of the heavy layer straight chro¬ 
mium deposits are particularly notch sen¬ 
sitive and generally have very poor me¬ 
chanical properties. Heavy layer deposits 
in any of the ferritic steels result in com¬ 
paratively wide heat-affected zone* em¬ 
brittled by grain growth, and for this 
reason submerged arc welding has been 
used very little for welding steels with 
more than 16% chromium. 

1 he hardened heat-affected zones pro¬ 
duced in the martensitic and bainitic 
steels by this process are wider in propor¬ 
tion to the heat input than with other arc¬ 
welding processes which involve lighter 
layers and the hardness is no less than 
that of the more narrow hardened zones 
for reasons which have been explained. 
Heavy layer weld deposits in the harden- 
able steels are sensitive to incipient cracks 
formed as a result of segregation of im¬ 
purities during solidification. Therefore, 
all important stress-carrying welds, such 
as the main seams of pressure vessels, 
should be radiographed. Irregularities in 
the arc at starting points and at interrup¬ 
tions often art as notches for promoting 


cracks and high preheating temperatures 
are sometimes required to avoid serious 
difficulties from this source. 

When an austenitic electrode is used for 
single- or double-pass welding, the wire 
analysis must leave ample margin for 
dilution of the weld by the base metal. 
The weld metal may be composed of up 
to 40% or more of fused base metal, 
depending on the groove shape used and 
other welding variables. Sufficient pro¬ 
cedure tests and deposited metal analyses 
should be made to make certain that the 
final weld analysis is completely austenitic 
under all conditions that will be met in 
service. Providing surplus nickel in the 
electrode is the most common method 
employed for assuring a completely aus¬ 
tenitic structure. The granular material 
which completely smothers the arc in 
this process provides protection against 
oxidation by the air, and loss of those 
elements such as chromium which are 
easily oxidized is very small. 


Table 7—-Effect of Nitrogen on Mechanical 
Properties of 22.4% Chromium, 0.10% Carbon 

Steel 


Nitrogen, % 


Mechanical Property 

0.032 

0.21 

Tensile strength, psi. 

77.000 

85,000 

Yield strength, psi. 

40,000 

54,000 

Elongation in 2 in., % 

30 

29 

Reduction of area, % 

00 

00 

I/o*l impact, ft .-lb. 

4 

24 

HrmcII hardness 

140 

100 

Note: Heat treatment 
lbj(J i«\ after soaking 0 hr. 

—water 

quench from 


Spot Welding 

The low thermal conductivity of the 
higher chromium steels is favorable for 
spot welding (Fig. 11), but the air-hard¬ 
ening properties of the steels having up 
to 14% chromium and the notch sensi¬ 
tivity after grain growth of the ferritic 
steels arc decidedly disadvantageous to 
spot welding. However, carbon steel 
pressure vessels having spot welded lin¬ 
ings of 11 to 14% chromium steels have 
been in oil refining service for many years 
and have been very satisfactory. Prob¬ 
ably the safest procedure for spot welding 
the 1 lard enable alloys is to preheat before 
welding and to use a schedule which in¬ 
cludes a tempering treatment (see Chapter 
\G). Furnace stress relieving of weld¬ 
ments involving spot welds in the air¬ 
hardening steels should be mandatory and 
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this requirement is included in many speci¬ 
fications. There has been little demand 
for the use of spot welding in fabricating 
the ferritic steels, and because the proper¬ 
ties of the heat-affected zone in these ma¬ 
terials cannot be restored by heat treat¬ 
ment, spot welding is not recommended 
if reliance must be placed on either the 
soundness of the spot welds or their ca¬ 
pacity to withstand working stresses. 


a series of overlapping spot welds, can be 
used for all of the chromium steels with 
the same limitations given above for spot 
welding. Whereas spot welding or seam 
welding a chromium steel to itself usu¬ 
ally involves a joint between two rela¬ 
tively light sheets, welding linings to 
carbon steel vessels presents quite a differ¬ 
ent problem since it involves a weld be¬ 
tween a light sheet and a much heavier 


NO.lZ 


Na >3 



Plats Material : OiBOmium 2 fc. 73 % Carbon. 
OePOaiTEO Metal •* 24.73 •• .11 


Three Beao Welos 

Fig. 16.—Hardness o£ Unannealed 23-30% Chromium Weld Metal and Heat-Affected Zone 

Weld made with three superimposed layers. 


The so-called non-hardening grade, 11 
to 14% chromium, containing aluminum 
(AISI Type 405), has been used to a 
considerable extent for spot-welded con¬ 
struction, and because of its low propen¬ 
sity for hardening should be considered 
when a steel having a chromium content 
within this range is required. Recom¬ 
mended spot welding practices, applicable 
specifically to the chromium steels, have 
not been adopted, but as a guide reference 
may be made to the practices recom¬ 
mended for spot welding hardenable low- 
alloy steels and stainless steels included in 
Recommended Practices for Resistance 
Welding, published by the American 
Welding Society (see Chapter 16). The 
practices recommended for steels of 
highest hardenability should closely ap¬ 
proximate good practice for welding the 
3 to 11% chromium steels and the prac¬ 
tice recommended for welding stainless 
steels should compare closely with ac¬ 
ceptable practice for the steels having 
over 11% chromium. 

Seam Welding 

Seam welding, which is fundamentally 


plate having greater mass for conducting 
heat away. Higher currents, greater pres¬ 
sures and larger welds must be used for 
welding the linings than are employed 
for welding two sheets of equal or nearly 
equal thickness, resulting in deeper sur¬ 
face indentations at the spot or seam 
welds. Porous welds often result from 
attempting to spot or seam weld the steels 
with up to 11% chromium without first 
removing all mill scale by sandblasting 
or pickling. The light scale formed on 
the higher chromium steels has not proved 
detrimental to welding but pickling of 
these steels is customary for surface in¬ 
spection. The fused metal has a com¬ 
posite analysis which will vary, the actua 
analysis depending on a number of vari- 
a l)l eS 

Seam welding has been used to some 
extent for joining light linings to heavier 
plate, but the equivalent, consisting ot 
overlapping spot welds, has been usee 
extensively. Seam welding light sheets 
of chromium steel to sheets of the same 
analysis is a comparatively simple opera- 
tion since many conditions are favorable, 
including low heat conductivity, little re- 
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straint to deformation stresses and no 
mixing of dissimilar metals in the fusion 
zone. There are no written rules which 
if followed verbatim will guarantee good 
seam welding. The procedures for weld¬ 
ing each combination of materials should 
be established by preliminary tests in¬ 
volving the same geometry as nearly as 
possible as that which will be used on 
the production job. 

Flash Welding 

Flash welding is extensively used for 
joining chromium steel tubes having from 
3 to 10% chromium. To a lesser extent 
it has been used for welding tubes and 
pipe having from 10 to 16% chromium. 
Superheaters for power boilers often in¬ 
volve tubing of several different grades 
of chromium steel and they are often 
joined to each other by flash welding. 
The techniques follow standard flash weld¬ 
ing practice with the exception that to 
permit removing the flash from the inside 
of the weld softening by heat treatment 
is required for the air-hardening steels. 
The addition of titanium to the low chro¬ 
mium grades has proved effective for re¬ 
ducing the total heat treatment time re¬ 
quired to produce the necessary softening 
effect. Since each joint is usually given 
a local heat treatment, the total saving 
in time is considerable where a number 
of joints are involved. For best results 
a comparatively long burnoff and a heavy 
upset are recommended for these mate¬ 
rials. No difficulty is experienced in flash 
welding any of the steels having up to 
16% chromium to themselves, to another 
chromium steel, to carbon molybdenum 
steel or to plain carbon steel. Although 
the ferritic chromium steels have not 
been flash welded too often, they can 
be welded successfully by this process if 
the loss in properties which always ac¬ 
companies the heating of these materials 
can be tolerated. The introduction of an 
inert or non-oxidizing atmosphere around 
the weld during the flashing period has 
proved to be effective for reducing the 
formation of chromium oxide and improv¬ 
ing the mechanical properties of the welds 
when flash welding any of the chromium 
steels. Poor properties of welds which 
are not protected in this manner may be 
attributed to entrapment of oxide in the 
joint, which is very difficult to expel 
because of the highly refractory nature 
of chromium oxide 


WELDING CHROMIUM ST] 

OTHER STEELS 
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General 

All types and grades of the chromium 
steels are successfully welded to each 
other, to carbon steel, to the austenitic 
steels and to other alloy steels. The 
most economical utilization of these ma¬ 
terials often calls for the combination of 
several types of the chromium steels and 
other steels in a single weldment. For 
example, in steam superheaters materials 
may be included which involve welded 
joints as follows: carbon steel to carbon- 
molybdenum steel, carbon-molybdenum 
steel to 17*% chromium-P/ 2 % molyb¬ 
denum steel, the latter to 5% chromium- 
V.% molybdenum steel, and the latter 
to an austenitic steel. In steam piping, 
one of the lower chromium steels fre¬ 
quently is welded to an austenitic steel. 
Outside attachments to pressure parts 
such as brackets and hanger lugs are 
frequently made of carbon steel to reduce 
co^t. Steam jackets of chromium steel 
pressure vessels usually are made of car¬ 
bon steel, and, therefore, welded joints 
between the alloy vessel and the jacket 
are involved. 

In every case where any one of the 
chromium steels is welded with an austen¬ 
itic tiller metal, and there are large num¬ 
bers of such joints in service, a fusion line 
between the chromium steel and the aus¬ 
tenitic weld metal is involved. In a joint 
between two dissimilar metals the metal¬ 
lurgy of both base metals and the weld 
metal must be taken into consideration 
when establishing welding procedures and 
heat treatments. Since the weld metal is 
a composite of the filler metal deposited 
and the fused base metals, three dissimilar 
metals are actually involved in these 
joints. 'I he proportion of deposited metal 
and the two dissimilar fused base metals 
in the weld metal is dependent upon 
several variables including the plate thick¬ 
ness, welding process used, size electrode, 
welding current, shape of groove, etc. 

The choice of electrode or welding 
rod composition for the great majority 
of joint combinations is simplified by fol¬ 
lowing several general rules. 

1. An austenitic filler metal should be 
used for welding any one of the chro¬ 
mium steels to an austenitic steel. 
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2. For welding a hardenable chromium 
steel to another with a higher chro¬ 
mium content, a filler metal having 
chromium equal to that in either the 
lower chromium or the higher chromium 
steel may be used. Furthermore, a filler 
metal with chromium of any amount 
between these limits is just as satisfac¬ 
tory if the weldment is properly heat 
treated after welding. 

3. A general rule for welding any 
chromium steel to any low-alloy steel 
is to use a filler metal (a) having the 
same composition as the low-alloy steel 
provided that the alloying elements it 
contains are essential for the service 
application, and ( b ) having any low 
alloy composition that will provide the 
mechanical properties required for the 
service application. With any low-al¬ 
loy filler metal it is, of course, necessary 
to consider the chromium that will be 
picked up from the fused chromium 
steel base metal. 

4. For welding any chromium steel to 
a carbon steel, carbon steel filler metal 
can be used. Although a chromium 
steel filler metal can also be used, it is 
preferable in every case to use filler 
metal which is least hardenable and this 
filler metal is usually the least expensive. 

5. An austenitic filler metal can be 
used for welding one chromium steel to 
another or to any other steel by observ¬ 
ing the general rules given above for 
using such filler metal in welding all 
types of chromium steels. 

In determining the proper heat treat¬ 
ment for a weld which joins a chromium 
steel to any other steel, it is inadvisable 
to apply general rules and the advice of 
a competent metallurgist should be sought. 
Because of the infinite number of material 
combinations possible, recommended heat 
treatments for joints involving dissimilar 
metals are not included in this chapter. 
In a very limited way, however, a general 
rule may be applied for the heat treatment 
of such welded joints where the mechani¬ 
cal properties are the only concern. In 
such cases, a heat treatment which will 
soften the heat-affected zones of both 
base metals is usually suitable for the 
weld metal also, provided its composition 
conforms to the recommendations pre¬ 
viously given. Furthermore, in most 
cases, the heat treatment necessary for 
softening the material which requires the 
highest temperature and/or longest soak¬ 
ing time, is usually suitable for the other 
materials involved, provided their loss in 
tensile strength is acceptable. 


Authorities agree that the chromium 
steels can be welded to any of the other 
alloy steels if the right procedures are 
used and the joints will have satisfactory 
properties for operation at temperatures 
up to about 800 °F. However, it is yet 
to be established whether or not the dif¬ 
ferences in coefficients of thermal expan¬ 
sion of the chromium steels and the aus¬ 
tenitic steels impose any limitations as 
regards material thickness to electrode 
diameter ratio, and cyclic temperature 
operation on welds joining these ma¬ 
terials. 



Fig. 17.—Macrographs of Wold Between 
Carbon Steel and 17.5% Chromium Steel 
Using 16% Chromium Weld Metal Showing 
Carbon Migration 

There is a difference of opinion among 
authorities over the significance which 
should be attached to carbon migration 
which takes place at temperatures over 
800°F. adjacent to the fusion line where 
any two materials having greatly differ¬ 
ent chromium contents are joined. Migra¬ 
tion is accelerated by an increase in tem¬ 
perature and the degree of decarburization 
which results is a function of time. 
Chromium has a high affinity for carbon 
and when one steel containing chromium 
is welded to another which contains much 
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less or none of this element, carbon is 
drawn from the low chromium material 
toward the high chromium material. If 
carbon migration is extensive it will be 
indicated by a decarburized zone in the 
carbon or low-chromium steel and by a 
dark line at the fusion zone, whether the 
high-chromium steel is a chromium-nickel 
austenitic steel or a straight chromium 
steel. Carbon migrates very slowly at 
temperatures between 800 and 1000° F., 
but relatively rapidly at temperatures 
above 1100°F. Annealing or normalizing 
materials or welds in which migration 
has taken place will eliminate the high 
carbon zone at the fusion line by return¬ 
ing this carbon into solution and will re¬ 
store carbon to the depleted zone. Figure 
17 shows a macroscopic study of a joint 
in which extensive migration has occurred 
as a result of holding at high tempera¬ 
tures for long periods. The loss in joint 
properties, if any, as a result of ordinary 


especially susceptible to failure. Figure 
19 shows a typical path of failure through 
the decarburized zone, and Fig. 20 the 
path of a failure through the austenitic 
weld. The welds were treated at 1200°F. 
for 15 hr. in order to produce extensive 
migration for these tests. 

HEAT TREATMENT • 

General 

Applications requiring the use of ex¬ 
pensive materials such as the chromium 
steels usually will justify the added ex¬ 
pense of heat treatment in order to de¬ 
velop optimum properties in the welded 
joints. Probably no other widely used 
materials are as greatly benefited (through 
improvement in mechanical properties of 
the joints) by heat treatment. Heat 
treatment of these steels is used primarily 
for reducing hardness, increasing duc- 



Fig. 18.—Fatigue Test Results on Joint Between 18% Chromium-8% Nickel Weld and Carbon 

oteel rlato 

Rotating beam specimens notched at junction of weld and plate. 


stress relief and annealing treatments is 
not apparent when making standard 
mechanical tests. Rotating beam fatigue 
tests have been conducted on welded joints 
involving an austenitic weld in carbon 
steel and these tests applied to both un¬ 
notched and notched specimens (see Fig. 
18) have failed to indicate any one zone 


tility, reducing notch sensitivity and for 
stress relieving. It may also be used for 
grain refinement of forgings and castings 
of the hardenable steels. However the 
effect on corrosion resistance is considered 
only a secondary purpose for heat treat¬ 
ment for all the chromium steels except 
those containing 14 to 18%. chromium. 
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50 X 

Fig. 19.—Typical PatH of Failure Through Decarburized Zone in Carbon Steel Plate Adjacent to 

Weld-Plate Junction of Notched Fatigue Specimen 

(а) Failure path. 

(б) Decarburized zone in plate. 

(r) Weld-plate junction. 

(d) Notch profile. 

(e) Weld. 



50 X 


Fig. 20.—Typical Path of Failure Through 18% Cr-8% Nickel Weld of Notched Fatigue 

Specimen 


(See Fig. 18) 


(a) Weld. 

(b) Weld-plate junction. 

(r) Notch profile. 

(d) Failure path. 

(c) Decarburized zone in plate. 
(/) Normal plate. 
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3 to 10% Chromium Steels 

These steels may be softened after 
quench hardening either by tempering at 
a temperature between 1350 and 1400°F. 
for several hours or by heating to about 
1650° F. and cooling very slowly. The 
isothermal transformation diagram for 5% 
chromium-0.5% molybdenum steel (Fig. 
21) shows that after austenitizing at 


induced by differential shrinkage. By re¬ 
ferring to the hardness values given in 
Table 8, the greater efficiency of the latter 
treatment for reducing hardness in a 
shorter period of time is readily apparent. 
Isothermal transformation curves for 
some of the steels within this group are 
not available, but they follow very closely 
the pattern of Fig. 21. A few tests on 
any particular analysis will serve to locate 



Tig. 21 .—Isothermal Transformation Diagram fo 

Carbon 

1650°F., softening may be greatly ac¬ 
celerated by cooling to about 1350°F. and 
holding at this temperature for about one 
hour. 1 he rate of cooling after this 
treatment docs not affect the final hard¬ 
ness and is only restricted in order to 
minimize cooling stresses which may be 


Stee 6 l % Chromium -°-42% Molybdenum. 0.11% 

the knee of the curve accurately enough 

for establishing a practical heat treat¬ 
ment. 

11 to 14% Chromium Steels 

A tempering treatment for softening 
and stress relieving low-carbon chromium 
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Table 8 Hardness Survey of Flash W.ld in 4% Chromium Tubing After Verlou. Heat Treatments 
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steels in this range has been the general 
practice, and reference to Fig. 22 will 
show that the temperatures usually em¬ 
ployed, from 1250 to 1400°F., are effective 
for this purpose. The addition of chro¬ 
mium raises the critical temperatures so 
that an austenitizing treatment requires 
heating to a higher temperature than for 
the lower chromium steels and this is 
often impractical. The soaking time re¬ 
quired will vary with the temperature 
used. Holding for 2 hr. at 1400°F. will 
have the same effect as 4 hr. at 1300°F. 


1450° F. and soaking for a minimum of 4 
hr. for thicknesses up to 1 in. with an 
increase of 1 hr. for each additional inch 
of thickness is recommended as the heat 
treatment for these steels. A weldment 
should be cooled in the furnace down to 
1100°F., after which it should be removed 
from the furnace and air cooled. Figure 
23 shows the effect of tempering on an 
intermediate steel of this range.' Rapid 
cooling from 1100°F. is used to avoid 
temper brittleness (see Fig. 24) and to 
provide maximum corrosion resistance. 


200 


Tempering temperature.deg.F. 
200 400 600 800 1000 1200 


1400 


180 


rr 


~ 100 


L * 80 


60 


40 


20 


0 


















^j 

L.— 7e* 

nine// 
nsi/e j 

/dsfrt 

hard, 
dren $ 

*ngth 

ness 

V 





y/e, 



















N. 

S S 







\ 



- Redy£l!2L 

T_ofa 



/ 

^_ 



<aO c ' 


\ v 


atu f 


E/ongation in 


? in 


400 


360 


320 


lA 

CO 

C 


280 o 


240 


200 


160 


co 


100 200 300 400 500 600 700 800 

Tempering temperature, deg. C. 


Fig. 22.—Effect of Tempering on a 12.2% Chromium Allov 

Quenched from 1850°F. 


14 to 18% Chromium Steels 

Although this range of chromium covers 
the transition zone of the chromium steels 
and a low-carbon steel with 17% chro¬ 
mium will be a single-phase alloy almost 
completely ferritic whereas a steel with 
14.5% chromium will harden perceptibly 
upon quenching, the heat treatment for 
any steel falling within these limits is 
the same. Heating to from 1400 to 


20 to 30% Chromium Steels 

Rapid quenching following a long soak¬ 
ing period at from 1600 to 1650°F. is 
necessary for steels in this range in order 
to develop their maximum toughness and 
ductility. Soaking periods up to 10 hr. 
are recommended, although shorter soak¬ 
ing times may be acceptable if the best 
mechanical properties are not required. 
Prolonged holding of these ferritic steels 
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at temperatures from 750 to 1050°F. will 
cause a deterioration in their properties 
resulting in marked embrittlement and a 
loss in corrosion resistance. Reheating to 
above 1300 °F. will quickly remove this 
brittleness. These alloys while at the 
embrittling temperature, and in fact at all 
temperatures above about 250 °F., are 
tough and ductile (see Fig. 15). 


sought in determining the best heat treat¬ 
ment for each individual case. 

COMMON APPLICATIONS 

The common applications for the chro¬ 
mium steels may be summarized as fol¬ 
lows : 

1. The chromium steels with 3 to 10% 


Tempering temperature, deg. F. 

200 400 600 800 1000 1200 1400 



Fig. 23.—Effect of Tempering on a 15.25% Chromium Alloy 

Quenched from 1850°F. 


Dissimilar Steels 

The question of heat treating weldments 
which involve more than one material has 
been discussed under the heading “Weld¬ 
ing Chromium Steels to Other Steels.” 
The heat treatment to use for a given 
combination will vary since different heat 
treatments may be necessary for different 
types of service. The multitude of com¬ 
binations of chromium steels and other 
steels which may be welded together 
makes any attempts to recommend stand¬ 
ard heat treatments inadvisable. Com¬ 
petent metallurgical assistance should be 


chromium have been most widely used in 
services calling for strength and either 
oxidation resistance or corrosion resist¬ 
ance at elevated temperatures. 

2. The steels having from 10 to 14% 
chromium have found their greatest use 
for applications where either oxidation 
resistance or corrosion resistance is neces¬ 
sary and strength at elevated temperature 
is of secondary importance. 

3. The steels having from 14 to 18% 
chromium have been largely. used for 
corrosion resistance at relatively low 
temperatures, having proved particularly 
serviceable in process equipment for the 
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Temperature t °F. 



Fig. 24. Curve Indicating Embrittlement by Increased Hardness of 16 to 18% Cr Iron, Low in 

Carbon 


Pieces were annealed at 1450°F., held at temperatures indicated 
measured. 


12 days, air cooled and hardness 


manufacture of nitric acid and in con¬ 
tainers for storing and transporting 65% 
nitric acid. 

4. The steels having from 18 to 30% 
chromium have proved useful primarily 
for oxidation resistance at very high tem¬ 
peratures but only when their strength anti 
other mechanical properties are unimpor¬ 
tant. Steels within this range are ductile 
and tough while at temperature, but if 
used above 1800 T\, grain growth will 
cause them to become extremely brittle 
upon cooling. They are also susceptible 
to embrittlement as a result of slow cool¬ 


ing after operating at elevated tempera¬ 
tures below 1800°F. 

If the importance of the various types 
of chromium steels is to be judged upon 
the basis of the amount used or tonnage 
Produced, those types known as the harden- 
able steels having from 3 to 14% chro¬ 
mium must be considered as of far greater 
importance than the higher chromium 
steels. Within the hardenable range those 
steels with chromium from 3 to 10% can 
be considered as the most important of the 
chromium steels since they are probably the 
most indispensable. 
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CHAPTER 31A 


AUSTENITIC CHROMIUM-NICKEL STAINLESS 

STEELS* 


GENERAL PROPERTIES 

Physical and Mechanical Properties 

Classification .—The commercially avail¬ 
able wrought austenitic chromium-nickel 
steels have been classified by the Ameri¬ 
can Iron and Steel Institute as shown in 
Table 1. A similar list of compositions 


it provides a combination of high strength 
and satisfactory ductility. The mechani¬ 
cal properties of the other grades are 
given for the annealed condition, in which 
they are most often used. 

Metallurgical Characteristics 

Steels of the austenitic chromium-nickel 


Table 1 AISI Type Numbers and Compositions of Wrought Austenitic Chromium-Nickel 

Stainless Steels 


Type 

No. 

Carbon, % 

Chromium, % 

Nickel, % 

Other Elements, %° 

301 

302 

Over 0.08-0.20 

Over 0.08-0.20 

16.00-18.00 

17.00-19.00 

6.00- 8.00 
8.00-10 00 

• • 


302 B 

303 

Over 0.08-0.20 

17.00-19.00 

8.00-10.00 

• • 

Si 

2.00-3.00 

U. 15 max. 

17.00-19.00 

8.00-10.00 

P. s. 

Se 0.07 min.; 

304 

0.08 max. 

18.00-20.00 

8.00-11.00 

Zr, Mo 0.60 max. 

305 

308 

0.12 max. 

0.08 max. 

17.00-19.00 

19.00-21.00 

10.00-13.00 

10.00-12.00 

• • 


309 

310 

314 

0.20 max. 

0.25 max. 

22.00-24.00 
24.00-26.00 

12.00-15.00 

19.00-22.00 

• • 

• • 

Si 

1.50 max. 

0.25 max. 

23.00-26.00 

19.00-22.00 

Si 

1.50-3.00 

316 

O 1 

0.10 max. 

16.00-18.00 

10.00-14.00 

Mo 

2.00-3.00 

317 

O O 1 

0.10 max. 

18.00-20.00 

11.00-14.00 

Mo 

3.00-4.00 

321 

o A 

0.08 max. 

17.00-19.00 

8.00-11.00 

Ti 

5 x C min. 

347 

0.08 max. 

17.00-19.00 

9.00-12.00 

Cb 

10 x C min. 


“ Manganese, 2.00 max.; silicon, 1.00 max.; phosphorus, 0.04 max.; and sulfur, 0.03 max., unless 
otherwise noted. ' 


prepared for stainless steel castings by 
the Alloy Castings Institute is shown in 
Table 2. 

The nominal physical and mechanical 
properties of the principal types of 
wrought austenitic chromium-nickel steels 
are listed in Table 3. The properties of 
Type 301 are given for the cold-rolled 
condition since this grade is commonly 
welded and used in this condition where 

* Prepared by a committee consisting of F. K. 
Bloom, Armco Steel Corp., Chairman ; R. H. 
Aborn, U.S. Steel Corp.; T. J. Chyle, A. O. 
Smith Corp.; H. G. Hughey, Air Reduction 
Sales Co.; V. N. Krivobok, The International 
Nickel Co.; F. G. Outcalt, The Linde Air Prod¬ 
ucts Co.; A. E. Taylor, Armco Steel Corp.; R. 
David Thomas, Jr., Arcos Corp. 


group are characterized by outstanding 
resistance to corrosion and oxidation. 
The addition of chromium to steel imparts 
these characteristics. Chromium, when 
added alone in the amounts prescribed 
for this group (16-25%) forms a solid 
solution in alpha iron. The resultant 
alloy has a ferritic structure which is 
strongly magnetic. 

The addition of nickel, a strong austen¬ 
ite-forming element, to the above chro¬ 
mium-carbon-iron alloy in the proportions 
described in this chapter suppresses the 
magnetic ferritic structure to form a struc¬ 
ture completely austenitic at room tem¬ 
perature. The resultant austenitic alloy, 
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a solid solution of chromium-nickel- 
carbon in gamma iron, is non-magnetic 
in character. The principal effect of 
nickel in these alloys, in addition to the 
formation of austenite, is increased high- 
temperature strength and corrosion re¬ 
sistance. 

In addition to the principal alloying ele¬ 
ments, chromium and nickel, these steels 
also contain other elements which affect 
their properties. Some of these elements, 
such as carbon and manganese, augment 
the austenite stabilizing action of the 
nickel while others, such as molybdenum, 
columbium and titanium, promote the 
formation of delta ferrite in the structure 
and are carbide formers as well. Their 
action is the same as that of chromium. 


ture range of 800 to 1600°F. or cooled 
slowly through that range, the carbon is 
precipitated from solid solution mainly 
at the grain boundaries, i.e., intergranu- 
larly uniting with chromium to form 
chromium-rich carbide. The commonly 
held belief is that the adjacent areas im¬ 
poverished in chromium have a much 
lower resistance to corrosion than the re¬ 
mainder of the metal, and under certain 
corrosive conditions this results in a 
localized intergranular attack, the sever¬ 
ity of which depends on the time and 
temperature of exposure as well as the 
composition and prior treatment of the 
steel. 

In the process of welding, the deposited 
metal and the base metal are brought up 


Table 2 ACI Designations and Compositions of Austenitic Chromium-Nickel Stainless Steel 

Castings 


Designation 


CE-30 

CF-8 

CF-20 

CF-8M 

CF-12M 

CF-8C 

CF-10F 

CF-16Fa 
CO-12 
CH-10 

CH-20 

CK-20 

HE 

HF 

HH 

HI 

HK 

HL 

HT 

HU 

HW 

HX 


Carbon, % 


0.30 max. 
0.08 max. 
0.20 max. 
0.08 max. 
0.12 max. 

0.08 max. 
0.10 max. 

0.10 max. 
0.12 max. 
0.10 max. 

0.20 max. 
0.20 max. 
0.20-0.50 
0.20-0.40 
0.20-0.50 

0.20-0.50 
0.20-0.60 
0.20-0.60 
0.35-0.75 
0.35-0.75 

0.35-0.75 

0.35-0.75 


Chromium, % 


20 00-30.00 
18.00-21.00 
18.00-21.00 
18.00-21.00 
18.00-21.00 


Nickel, % 

8 . 00 - 11.00 
8 . 00 - 11.00 
8 . 00 - 11.00 
9.00-12.00 
9.00-12.00 


Other Elements, % a 

?I° 2 00-3 .'OO.'Si 1.50 max. 
Mo 2.00-3.00, Si 1.50 max. 


18 00-21.00 
18.00-21.00 


18.00-21.00 
20.00-23 00 
22 . 00 - 20.00 


9.00-12.00 

0 . 00 - 12.00 

9.00-12.00 

10.00-13.00 

12.00-15.00 


Cb 8 x C min., 1.00 max. 
Mo 1 50_max., Se 0.20-0.35, 
P 0.17 max. 

Mo 0.40-0.80, S 0.20-0.40 


22 00-2G.00 
23.00-27.00 
20 00-30.00 
18 00-23.00 
24.00-28.00 

20 00-30.00 
24.00-28 00 
28 00-32.00 
13.00-17.00 
17.00-21.00 


12.00-15.00 
19.00-22.00 
8 . 00 - 11.00 
8 . 00-12 00 
11.00-14.00 

14.00-18.00 

18.00-22.00 

18.00-22.00 

33.00-37.00 

37.00-41.00 


N 0.20 max. 


Si 3.00 max. 
Si 3.00 max. 
Si 2.50 max. 
Si 2.50 max. 


10.00-14.00 58.00-62.00 

15.00-19.00 04.00-08.00 


Si 2.50 max. 
Si 2.50 max. 




Silicon is also a strong ferrite-forming 
element. The austenite and ferrite-form¬ 
ing elements are suitably balanced to meet 
the requirements of various applications 
of these alloys. 

Table 4 summarizes briefly the effects 
of these various elements in austenitic 
chromium-nickel steels. 

The austenitic chromium-nickel steels 
make mechanically satisfactory welds, 
but under certain conditions they tend to 
show what is commonly called weld decay. 
When they are heated within the tempera- 


9 rn^o e n mel Ti ng tcm I )Cratl,re » approximately 
2600 F. Hence, with the actual weld it¬ 
self at the fusion temperature there will 
be a parallel base metal zone heated to 
between 800 and 1600°F. This is the 
zone of carbide precipitation, the degree 
of which, for any given welding condition, 
is approximately proportional to the car¬ 
bon content, the lower the carbon the less 
the effect. 

r™. 6 nt£,‘ ypes wiH retain a maximum of 
about 0.02% carbon in solid solution un 

der all conditions. As the carbon con 













Mechanical properties of strip, plate, bars, etc., may be slightly different from those of sheet. 
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tent increases to about 0.08% the amount 
of carbon which can be precipitated slowly 
increases, but in many cases this is not 
detrimental to the corrosion resistance. 
At higher carbon levels carbide precipi¬ 
tation increases rapidly. The low-carbon 
stainless steels are, consequently, preferred 
for arc and gas welding. Type 304 with 
a maximum carbon content of 0.08% is 
widely used. Recently, extra-low-carbon 
stainless steels of the 18-8 and 18-8 Mo 
types, containing a maximum of 0.03% 
carbon, have become available. 


of 18-8 S stock in the as-welded condi¬ 
tion. Figure 4 is a photomicrograph of 
a section through the heat-affected zone 
of 18-8 stock in as-welded condition, and 
Fig. 5 is a photomicrograph of a section 
through the same zone as in Fig. 4, but 
after heat treating. Note the presence of 
carbides along the grain boundaries in 
Fig. 4. 

Carbide precipitation in austenitic weld 
metals will be found in grain boundaries 
or around and within ferrite patches if 
they exist. Although a single bead of 


Table 4—Effect of Various Elements in Austenitic Chromium-Nickel Steels 


Element 

Types of 
Steel 

Carbon 

All types 

Columbium 

347 

Manganese 

All types 

Molybdenum 

316, 317 

Phosphorous and 

3U3 

selenium, or 

sulfur 


Silicon 

302B. 314 

Titanium 

321 


Effects 


Promotes the formation of precipitates harmful to corrosion re- 

rl n S ° ar l )OSSl .y e the carbon should be low for best 

results in service after welding. 

Primarily to combine with carbon to reduce susceptibility to in- 
TJrntT COrrOSIOn ' Grain Promotes thVformation of 

Promotes the formation of austenite. 

Improves strength at high temperatures. Improves corrosion re¬ 
sistance to reducing media. Promotes the formation of ferrite. 

Increases machinability but makes welding difficult. Generally 
lowers Corrosion resistance slightly. generally 

Increases resistance to scaling. Promotes the formation of ferrite. 
Primarily to combine with carbon to reduce susceptibility to in- 

corroslon - Gram *cfiner. Promotes the formation 


Figures 1 to 5 show the effect of carbide 
precipitation detected by macro-etching 
with nitric-hydrofluoric acid solution, and 
by microscopic examination of specimens 
etched electrolytically. Figure 1 shows 
two pieces of 18-8 steel (Type 302) 
welded to two pieces of 18-8 S (Type 
304). Tlie pieces marked A (right) have 
been subsequently heat treated at 1950 to 
2050°F., and the other pieces (left) are 
in the as-welded condition. All pieces 
have been etched with hot nitric-hydro¬ 
fluoric acid solution. Note the 7 veld decay 
°. r corr °ded zone caused by carbide pre¬ 
cipitation alongside the weld in the 18-8 
( Type 302) as-welded piece. The cor¬ 
responding zone in the other piece is 
practically free from corrosion. Note also 
that in the heat-treated weld both steels 
are completely free from the corrosion- 
affected zone, showing that the precipi¬ 
tated carbides have gone hack into solu¬ 
tion. Figure 2 is a photomicrograph of 
a section through 18-8 stock prior to 
welding. Figure 3 is a photomicrograph 
of a section through the heat-affected zone 


weld metal usually does not show evidence 
of carbide formation because of the rapid 
cooling from molten temperatures, the 
heat effect from subsequent beads in’mul¬ 
tiple-pass deposits will show bands of 
carbide precipitation within all but the 
last pass of weld metal. Intergranular 
corrosion resulting from carbide precipi¬ 
tation is generally much less when ferrite 
is present because many carbides precipi¬ 
tate within ferrite patches and corre¬ 
spondingly fewer at the grain boundaries. 
W eld metals containing columbium are 
relatively free from intergranular car- 
hides, even in multipass welds, because of 
the stabilizing effect of columbium which 

forms carbides more readily than chro¬ 
mium. 

Compositions which in wrought form 
will be found to he fully austenitic will 
often show the presence of small islands 
of delta ferrite in an austenite matrix in 
the cast or weld metal form. Figures 6 
and 7 show the microstructure of typical 
fully austenitic weld beads and those con¬ 
taining some delta ferrite. 
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The presence or absence of ferrite in a 
weld metal structure will depend princi¬ 
pally on the composition. Since many of 
the corrosion-resistant stainless steels are 
borderline with respect to phase distribu¬ 
tion, a single type of weld metal may be 
fully austenitic or partially ferritic de¬ 
pending upon the composition balance. 


may, however, develop in alloys which 
are initially entirely austenitic. No sigma 
phase has been observed in compositions 
such as 18-8, Types 302 and 304, even 
where ferrite has been present, but it has 
been encountered in alloys high in tita¬ 
nium, columbium, molybdenum, silicon or 
chromium. The sigma phase may cause 



mm 
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Fig. 1.—Type 302 (18-8) Steel Arc Welded to Type 304 (18-8S) Steel 

(Left) As-welded and macro-etched. Note corroded zone in Type 302 adjacent to weld. 
(Right) Annealed. Note absence of corroded zone. 


An indication of the constitution of a 
given weld metal may be obtained by 
referring to the diagram in Fig. 8. 

Fully austenitic weld deposits are occa¬ 
sionally susceptible to hot-short cracks. 
The presence of ferrite in the weld struc¬ 
ture appears in many cases to inhibit this 
tendency. 

Besides the austenite, ferrite and car¬ 
bides commonly found in chromium-nickel 
stainless steels, an intermetallic com¬ 
pound called the sigma phase is occasion¬ 
ally encountered. This phase is usually 
formed as a transformation from ferrite 
by holding the steel for long times at tem¬ 
peratures ranging from about 1200 to 
1700°F., depending on alloy content. It 


loss in ductility, impact resistance and 
corrosion resistance. Although a long time 
at elevated temperatures is usually re¬ 
quired to promote tin’s phase, evidence of 
sigma has been occasionally reported in 
weld metals in the as-welded condition. 

There are several methods that can be 
used to combat intergranular corrosion in 
a weldment made from an austenitic 

chromium-nickel steel. 

One such means of removing suscepti¬ 
bility to intergranular corrosion resulting 
from welding is by appropriate heat treat¬ 
ment of the welded structure when feas¬ 
ible. Another effective means of prevent¬ 
ing intergranular corrosion is by the suit¬ 
able addition of either titanium or colum- 
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Fig. 2.—18-8 Unwelded Base Metal 

500 X 


Fig. 3.—18—8S Base Metal As-Welded 

500 X 



500 X 

Fig. 4.—18—8 Bane Metal in Heut - Aflac tad Zone 
Note carbides; compare Fig. 2. 


500 X 

Fig. 5.—Section Shown in Fig. 4 After Heat 

Treating 



500 X 

Fig. 6.-— Microatructure of Weld Metal 
Depoaited from an E310 Electrode 

Note single phase austenitic structure. 



500 X 

7.—Microstructure of Weld Metal 
Depoaited from an E308 Electrode 


Note duplex structure of austenite 
containing dendritic pools of delta 


as matrix 
ferrite. 
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bium. As noted in Table 4, these ele¬ 
ments tend to fix the carbon by forming 
titanium or columbium carbides thereby 
preventing the formation of chromium 
carbide when the metal is heated between 
800 and 1600° F. Structures of these 
stabilized types (321 and 347), properly 
welded, have given excellent results. One 
important application is heat- and corro¬ 
sion-resisting alloys for service between 
800 and 1550°F. 


described in Chapter 59, there are a few 
special methods or requirements applicable 
primarily to these alloys. 

Determination of Weld Metal Composi¬ 
tion .—This is sometimes required (as in 
ASME Boiler Code Interpretation: Case 
897) to insure approximate uniformity of 
composition throughout the joint when 
such uniformity is vital to the perform¬ 
ance of the joint in service where corro¬ 
sion is involved. 
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Fig. 8.—Phase Diagram for Weld Metal in the As-Welded Condition 


36 38 


„nwo lTif 0 / f 6 of a ^ d C f n 4 i^ e P r .®d ,ctc d by calculating the chromium and nickel 

?T« con ?P° s,tlon t be weld metal and applying the formulas shown. The 
resultant point is then plotted on the diagram and the phase field in which it falls is noted. 


In the fabrication of weldments of un¬ 
stabilized types which will not be heat 
treated after welding, it is important to 
recognize the influence of the welding 
process on the time during which any part 
of the weldment is in the damaging tem¬ 
perature range. This time includes heat¬ 
ing, holding and cooling times. In general 
the welding processes may be arranged 
in order of increasing weld time as fol¬ 
lows : spot and seam welding; shielded 
metal-arc welding; submerged arc weld¬ 
ing; oxy-acetylene or other gas welding. 
Thus, for a given carbon content in any 
unstabilized type and thickness, the degree 
of carbide precipitation and resulting sus¬ 
ceptibility to intergranular corrosion tend 
to be least in spot welds and greatest 
in gas welds. 

Methods of Testing 

In addition to the usual test methods 
applied to welded joints and weld metal, 


Intergranular Corrosion Test .—This is 
a test to determine the susceptibility of 
the welded joint or weld metal to inter¬ 
granular corrosion in a solution capable 
of corroding the grain boundary regions 
of metal sensitized by the heat of weld¬ 
ing. Intergranular attack is detected by 
examination of a bent or twisted surface, 
by measurement of the change of electri¬ 
cal resistance resulting from intergranular 
corrosion or by microscopic examination 
of a polished cross-section after the cor¬ 
rosion test. The test requirements in 
Case 897 of the ASME Boiler Code In¬ 
terpretations are cited as a typical ex¬ 
ample. 

“The free-bend test specimen shall 
be ground and polished. Immerse in a 
boiling copper-sulphate sulphuric-acid 
solution for a minimum of 72 hours. 
This solution shall consist of 47 cc. con¬ 
centrated sulphuric acid and 13_ gm. 
of crystalline copper sulphate (CuSO*- 
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5H z O) per liter of water. The sample 
shall be bent so as to confine the bend 
to a point V« in. from the edge of the 
weld in the base metal, and the least 
elongation in the outer fibers measured 
across the weld shall be not less than 
20%. After bending, the metal shall 
show no sign of disintegration.” 

There are two other common proce¬ 
dures, one employing nitric-hydrofluoric 
acid and the other, boiling nitric acid, to 
detect weld decay. 

The former makes use of a solution con¬ 
sisting of 10 to 20% nitric acid plus 2 
to 4% hydrofluoric acid, the balance 
water. This solution is used at a tem¬ 
perature of 180 C F. and is very drastic as 
well as rapid. The solution attacks the 
base metal in the zone where precipitated 
carbides are present. The attack is very 
severe and if the carbides are present 
in any considerable quantity only a few 
minutes are necessary to sever the speci¬ 
men alongside the weld where the stock is 
'/is-iti. thick or less. A specimen with no 
carbides present will show a uniform 
attack throughout. Where the carbides 
are present in greatest number, the attack 
will show up first as a slight discoloration, 
and then as a somewhat sandy condition 
which will steadily increase to the point 
where grains of the metal can actually 
he rubbed loose with the finger. 

Four periods of 7a hr. each in the 
nitric-hydrofluoric acid test are generally 
sufficient. However, the results, es¬ 
pecially in borderline cases, may he some¬ 
what difficult to evaluate for those who 
have not had previous experience. As 
in all such tests, the investigator must 
know how to interpret the results of the 
test and to determine whether the steel 
will he satisfactory under the service con¬ 
ditions proposed. 

I he Huey test employs a solution of 
boiling 65% nitric acid. The specimen 
is immersed for five 48-hr. periods, each 
time in a fresh solution whose concentra¬ 
tion is kept constant by use of a reflux 
condenser over the test flask. The weight 
loss of the specimen is determined after 
each period. Tentative methods for the 
conduct of this test are described in 
AS 1 M Recommended Practices for Boil- 
incj A ttric Acid l est for Corrosion- 
Rc si sting Steels ( A262-44T). 

The data from this test are commonly 
reported in terms of inches of loss of 
metal from the surface per month or year. 


This assumes a uniform rate of attack 
over the whole specimen, a condition which 
may not always exist, especially in speci¬ 
mens containing welds; consequently, care 
must be used in the interpretation of the 
data. It must also be recognized that this 
and the other test solutions mentioned 
may attack other constituents than pre¬ 
cipitated carbides. Careful macroscopic 
and microscopic examination of the test 
specimen in cases of this kind should be 
considered. 

Microscopic Examination .—This type 
of examination may be used to determine 
the presence of precipitated carbides in 
as-welded specimens (see Fig. 4) or, as 
noted above, to establish the character of 
corrosion attack in test solutions. 

The specimen should be highly polished 
by standard metallographic procedures 
and then electrolytically etched by im¬ 
mersing as the anode in a solution con¬ 
sisting of 10 gm. sodium cyanide in 90 cc. 
of distilled water. The cathode used 
should be a section of the same or similar 
material. The general practice is to space 
the electrodes about 1 in. apart and use 
an etching time of 5 minutes. Current 
from a regular 6-volt automobile storage 
battery is entirely satisfactory for the 
test. 

The specimen should be removed, rinsed 
in hot water and dried in a mild air 
blast so as not to stain. It should then be 
examined under the microscope at 500 
or 1000 diameters. The carbides will ap¬ 
pear as short or round globules encircling 
the grain structure and will be present in 
varying quantities governed by the amount 
of carbon in the parent metal. Highly 
cold-worked material will also show car¬ 
bides that have precipitated on the slip 
planes. 

Note: Nitric and hydrofluoric acids 
are strong acids and great care should 
be used in handling. Use approved 
safety goggles and rubber gloves, mak¬ 
ing sure they do not leak. Sodium 
cyanide and its solutions are highly 
poisonous and should not be brought 
in contact with open wounds. This salt 
reacts with acids to produce an ex¬ 
tremely lethal gas. 

. H cre again it is important that the 
investigator know how to interpret his 
laboratory findings in terms of actual 
service conditions. After all, there are 
many fabricated articles of austenitic 
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chromium-nickel material which are giv¬ 
ing excellent service despite the fact that 
precipitated carbides are present in the 
section which has been affected by the 
heat from the welding operation. 

Treatment After Welding 

Heat Treatment .—The necessity for 
heat treatment of austenitic chromium- 
nickel steel weldments depends to a great 
extent upon the service conditions to be 
encountered. For some applications heat 
treatment is used to impart the greatest 
degree of corrosion resistance that is 
possible to attain, while for other appli¬ 
cations heat treatment for stress relieving 
only is necessary. 

In weldments of stainless steels corro¬ 
sion is generally localized in the heat- 
affected zones adjacent to the welds where 
carbides are precipitated. The heat- 
affected zones can usually be completely 
eliminated by suitable annealing heat 
treatments, which result in complete solu¬ 
tion of the carbides (see Fig. 1). Where 
maximum corrosion resistance is required, 
such treatment is recommended. 

For annealing, suitable equipment must 
be on hand which is capable of heating 
the entire structure to a temperature range 
between 1900 and 2050 °F. Sufficient 
time should be allowed to make sure all 
parts of the structure are up at tempera¬ 
ture, and that the carbides are in solution. 
Holding at temperature for at least 1 
hr. per in. of maximum thickness and in 
no case less than Vs hr. is recommended. 
The subsequent cooling operation must be 
rapid, particularly through the range from 
1700 to 1000°F., in order to hold the car¬ 
bon in solution once it has been restored 
by the annealing treatment. Thicknesses 
of V« in. and lighter can usually be cooled 
in air. For greater thicknesses than this 
more drastic cooling such as plunging 
directly into water or water-spray cooling 
is normally recommended. The cooling 
rate required to hold carbides in solution 
depends largely on the carbon content of 
the material. The lower carbon alloys 
can be cooled at slower rates than the 
higher carbon grades. The cooling method 
will also depend on the thickness of the 
part and the design of the section to avoid 
warpage. 

In some cases the problem of stress 
corrosion is encountered, and for that rea¬ 
son the weldments must be stress relieved. 
Stress relieving of the stabilized stainless 


steel alloys can be accomplished by heat¬ 
ing the weldments to a temperature of 
1375°F., holding for 1 hr. per in. of thick¬ 
ness, followed by air cooling. This treat¬ 
ment is recognized as not being sufficiently 
high in temperature to completely remove 
all of the fabricating stresses, but it does 
reduce the magnitude of the high stresses 
and has been found to be practical for 
some applications. 

The degree of stress relief afforded by 
heat treatment depends to a large extent 
on the temperature used. For austenitic 
stainless steels, treatment at approxi¬ 
mately 1375°F. relieves about 50% of 
the fabricating stresses. Treatment at 
1600 to 1650° F. relieves approximately 
90% of the stresses. For some of the un¬ 
stabilized stainless steel alloys, stress re¬ 
lieving at temperatures of 1300°F. or 
higher can be carried out satisfactorily, 
provided that adequate corrosion tests 
are made after this treatment to insure 
against excessive loss in corrosion resist¬ 
ance from heating in this temperature 
range. 

Pressure vessels which are built under 
the ASME Boiler Code are generally 
heat treated according to the requirements 
of Case 897. This case prescribes three 
distinct heat treatments after welding for 
the various types of stainless steel austen¬ 
itic materials. (Refer to ASME Case 
897, latest revision.) 

For some alloys containing columbium 
or titanium a stabilizing heat treatment 
may be specified, which at the same time 
also serves as a stress-relieving heat treat¬ 
ment. The stabilizing temperature range 
is generally from 1550 to 1650°F. and the 
weldment is heated for a period of 2 hr. 
per in. of maximum thickness and allowed 
to cool in still air or in the furnace. 

Cleaning and Passivating .—After the 
welds are completed, all welding flux, 
scale and heat tint should be removed by 
grinding, pickling, sandblasting or other 
approved methods. If the structure is to 
be annealed, the welding flux must be re¬ 
moved from the surface before heating in 
the furnace. 

If the welds are to be ground flush with 
the parent metal, all rough grinding can 
be done using rubber or bakelite bonded 
wheels and set-up wheels, with abrasive 
and binder, using polisher’s tallow as a 
lubricant. Dry grinding invariably pro¬ 
duces considerable heat and tends to leave 
a surface that is oxidized. This, as soon 
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as it becomes moist, usually discolors, 
taking on a yellowish-brown tint. 

All producers of stainless products exer¬ 
cise great care throughout all their opera¬ 
tions to prevent iron contamination on the 
surface of the material. This same care 
should be used by the fabricator from the 
time the material arrives in the plant 
until it is delivered and installed in the 
customer’s plant. 

If iron contamination is known to be 
present, or if the fabricator wishes to 
make sure that it is not, small parts can 
be immersed in a 15 to 20% solution of 
nitric acid at approximately 140°F. The 
parts should be rinsed clear of acid with 
hot water and then dried. This is gener¬ 
ally termed passivating. The iron is dis¬ 
solved and the material assisted in build¬ 
ing up its corrosion-resisting surface. 
Large pieces of equipment can be filled 
with this acid or swabbed down several 
times, then rinsed clear of acid and dried. 


pass into the slag resulting in weld metal 
deficient in corrosion resisting properties. 
Carbonaceous materials must be avoided 
in the fluxes or gas stream in order to 
avoid an undesirable increase in carbon in 
the weld metal. Moisture must be held to 
a minimum, since it contributes to weld 
metal porosity. Fluxes as used in the 
shielded metal-arc and submerged melt 
processes must have adequate fluidity and 
dissolving power to fuse undesirable oxides 
from the molten metal. 

Bare metal-arc welding is not applicable 
to stainless steels since the arc is difficult 
to maintain, and the weld metal will not 
be of proper composition nor will it fuse 
properly with the base metal. 

The influence of heat treatment on the 
mechanical properties of Type 308 (18-8) 
weld metal in comparison with cast and 
with wrought material of the same compo¬ 
sition is shown in Table 5. 

Shielded Metal-Arc Welding .—The 


Table 5—Influence of Heat Treatment on Mechanical Properties of 18-8 Weld Metal Compared 

with Cast and Wrought 18—8 


Material and 

Type 

Treatment 

Tensile 

Strength, 

Psi. 

Yield 

.Strength, 

Psi. 

Elongation 
in 2 In., 

% 

Izod 

Impact, 

Ft.-Lb. 

Weld Metal E308 

None 

79,000 

51,000 

45 

65 


Annealed 

74,000 

40,000 

45 

81 


Sensitized 

75,000 

40,000 

46 

on 

Ingot 308 

None 

60.000 

29,000 

58 

i/1/ 

106 


Annealed 

60,000 

33,000 

63 

11 1 


Sensitized 

67,000 

31.000 

56 

101 

Bar 308 

None 

85,000 

47,000 

58 

1 ‘>0 


Annealed 

79,000 

36,000 

62 

120 


Sensitized 

79,000 

35,000 

63 

120 


W eld Metal specimens from 2 X 5 x 11 -in. block deposit. Ingot specimens from center of 1 1 X 11 X 
: 10 rnT 1 B “ r MH-cnnens from V«-m. diam. bur rolled from ingot. Annealing Treatment: 15 min. 

M;’ 0 *' • . wa ter quenched. Sensitizing Treatment: Annealed plus 4 hr. at 1200°F air cooled 
Tensile Specimens: Standard 0.503-in diam. M cooKd. 


HOW TO WELD 
Arc Welding 

Austenitic chromium-nickel steels read¬ 
ily lend themselves to fabrication by 
means of welding. Of the various proc¬ 
esses available, there are four which are by 
tar the most commonly employed: 
shielded metal-arc welding; atomic hydro¬ 
gen welding; inert-gas metal-arc weld¬ 
ing ; and submerged arc welding. In all 
four of these arc-welding processes the 
protection of the molten weld metal from 
atmospheric oxidation is of paramount im¬ 
portance. Unless adequate protection is 
provided, certain essential alloying in¬ 
gredients may become oxidized and thus 


American Welding Society and Ameri¬ 
can Society for Testing Materials have 
established seven scries of classifications 
of austenitic chromium-nickel arc-welding 
electrodes, namely, Series E308, E309. 
E310, E316, E317, E330 and E347. Their 
chemical compositions are described in 
Chapters 38 and 61. While these seven 
series of electrodes are intended to serve 
for shielded metal-arc welding the princi¬ 
pal grades listed in Tables 1 and 2, other 
types are also available. It will be noted 
that the alloy content of the weld metal 
is generally above the minimum of the 
corresponding base metal to insure that 
the general corrosion resistance of the 
weld metal will be at least equal to that 
of acceptable base metal. The absence of 
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an E321 electrode is accounted for by 
the fact that titanium is very difficult 
to recover in the weld metal and therefore 
Type 321 steels are generally welded with 
E347 electrodes. There is no E303 elec¬ 
trode owing to the tendency to cracking 
or excessive porosity caused particularly 
by high phosphorus or sulfur contents. 

Most electrodes are designed for use 
with d.c. reverse polarity. The electrode 
coating for d.c. welding may be any of 
the usual types: lime, lime-titania or 
titania. When a.c. is employed, titania- 
type electrode coatings are usually re¬ 
quired. The recommended current ranges 
are lower than those employed in ordinary 
steel welding (see Table 6). 


Table 6—Recommended Current Ranges for 
Austenitic Chromium-Nickel Electrodes 

Electrode 
Size, In. 

--Current, 

Flat, 

Horizontal 
and Overhead 

Amp.-• 

Vertical 

Maximum 
Arc Voltage 

3 /m 

15- 25 

15- 25 

23 

Vie 

25- 40 

25- 40 

24 

V 64 

35- 55 

35- 55 

24 

V 32 

45- 70 

45- 65 

24 

V« 

70-105 

70- 95 

25 

V 32 

100-140 

100-125 

26 

Vie 

130-180 

130-145 

27 

v« 

210-290 


28 

Vie 

250-400 


29 


It is desirable to keep the arc length 
as short as possible, not exceeding the 
voltages indicated in Table 6. 

Electrodes are available for welding in 
all positions in sizes up to and including 
c /32-in. diameter. Certain types of elec¬ 
trodes may be used in 3 A 8 -in. diam. 
in all positions. Some electrodes are de¬ 
signed for use only in the flat and hori¬ 
zontal-fillet positions, so that when posi¬ 
tion welding is required, the proper clas¬ 
sification of electrodes must be specified. 
(Typical tensile properties of weld metal 
from metal-arc weld deposits are shown 
in Chapter 61.) 

The preparation of the joints to be 
welded is very important. All grease, 
paint or other foreign matter must be 
removed to prevent carbon pickup and 
inclusions in the deposited weld metal. 
Where long seams are to be welded it is 
important that the fitup be accurate and 
suitable clamping or holding devices be 
provided to minimize warping. 

In this connection it should be pointed 
out that the chromium-nickel stainless 


steels have a coefficient of expansion as 
much as 50% higher than mild steel 
and a thermal conductivity about one 
third as great; consequently, root open¬ 
ings should be increased. Backing plates 
of copper placed closely to the weld zone 
help remove heat and minimize distor¬ 
tion. Rigid, well-designed jigs or fix¬ 
tures are recommended to hold parts in 
alignment. Parts show a minimum dis¬ 
tortion when allowed to cool in the fix¬ 
ture. 

In cases where fixtures cannot be em¬ 
ployed, closely spaced tack welds should 
be employed which can be peened before 
further welding to align the weldment. 
For complicated assemblies a planned se¬ 
quence of welding operations is necessary. 
The backstep and block sequences are 
recommended on sheet, strip and plate 
assemblies. 

On plate material, to secure proper 
fitup and sound welds it is necessary that 
the abutting edges be prepared by ma¬ 
chining to provide a suitable groove for 
welding. On plate Vio-in. thick and less 
a square planed or sheared edge is gen¬ 
erally used. On plate from 3 /io in. to Vs 
in. in thickness the edges are usually 
beveled and on thicker material the U 
groove is considered best. Figure 9 (a), 

( b ) and ( c ) shows the details of edge 
preparation for the respective thickness 
ranges. 

When several beads of welding are re¬ 
quired it is advisable to use a number of 
light beads rather than to try to fill the 
groove in one or two passes, because of 
the danger of shrinkage cracks and de¬ 
creased corrosion resistance. String 
beading rather than weaving is desirable. 

The weld should be thoroughly cleaned 
with a blunt tool and then with a stain¬ 
less steel brush before depositing suc¬ 
cessive beads. In all multiple-pass welds, 
the root pass should be ground or chipped 
out from the back down to clean, solid 
metal, after which the back weld is de¬ 
posited if the groove is single vee or U. 
An alternate layer sequence is used be¬ 
tween opposite sides of a double-vee or U- 
groove. In most stainless electrodes, the 
deposition efficiency will be about 7 $"< 
when normal currents and voltages are 
employed. Stub losses will vary widely 
in different shops and under different 
conditions, but when held to a minimum. 
9-in. electrodes (Vsrin. and smaller diam¬ 
eters) will show about 10% stub loss, and 
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14-in. electrodes (Vs-in. and larger diame¬ 
ters) will show about 7% stub loss. 
(See Chapter 41 for further information.) 

Atomic-Hydrogen Arc Welding. — 
Atomic-hydrogen welding (see Chapter 
11) is invaluable in the welding of light- 
gage material and produces an extremely 
smooth weld. However, because of the 
intensity of the heat produced by this 
process, it is important that the work be 
suitably clamped and tack welded so that 
distortion will be minimized. The thick¬ 
ness of the stock will generally indicate 
whether filler metal is required to build 
up the full thickness of the weld section. 


pending on the extent of the penetration 
desired. The copper bar must be clean, 
and in some cases chromium plating of 
the copper bar is recommended. In some 
applications the use of a flux on the 
underside of the weld is recommended. 
It is important, however, that the flux 
does not contain boron-containing in¬ 
gredients which might react with the 
weld metal, causing brittleness and crack¬ 
ing. The flux is generally recommended 
where gas backing cannot be used or 
where a tightly fitting backing bar is not 
practical. The action of the flux back¬ 
ing on the underside helps to prevent the 


(a) For plate 3 /io in. and thinner 



70 0 



(b) For plate 1 /<- to 7 /i«j-in. thick (c) For plate Va in. and thicker 

Fig. 9.—Edge Preparation for Arc Welding 



On light sheet gages, 0.050 in. and less, 
the butt joints can be made by having the 
edges fit tightly against each other with¬ 
out the use of any added filler metal. 
Where a slight reinforcement is necessary 
on lighter gages, the abutting edges can 
be bent up slightly or flanged to provide 
for added weld metal. On heavier work, 
it is customary to use welding rods of 
the same type of analysis as the base 
metal to provide for ample weld rein¬ 
forcement. 

The backing for atomic-hydrogen weld¬ 
ing is important and may consist of 
either gas, copper strip or flux painted 
on the underside of the edges. For light 
gages and where avoidance of discolora¬ 
tion on the underside is important, hy¬ 
drogen gas is introduced in a groove 
directly below the abutting edges. A 
small amount of gas is introduced in the 
groove directly below the joint, which 
prevents air from coming in contact with 
the heated weld metal. For some appli¬ 
cations a plain copper bar is used as a 
backing, with or without a groove, de- 


molten metal from dripping through the 
seam. 

The free-machining stainless steels con¬ 
taining sulfur and selenium cannot be 
satisfactorily welded by this process be¬ 
cause of severe porosity in the weld 
metal. Some porosity also may occur 
with other grades of stainless steel and 
in cases where welds must be of the high¬ 
est quality the base metal should be sub¬ 
ject to preliminary testing to insure 
, freedom from this condition. 

The atomic-hydrogen welding process 
is widely used in the manufacture of 
light-gage tubing made from strip stock. 
It is also used for the welding of light- 
gage tubes to heavy tube sheets in heat 
exchangers. 

The atomic-hydrogen process is adapt¬ 
able to various thicknesses of stainless 
steel but its greatest application is for 
the welding of stainless steel in thin sec¬ 
tions, varying in range from 0.010 in. to 
approximately Va inch. 

Inert-Gas Metal-Arc Welding .—This 
welding process (see Chapter 12) is 
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highly recommended for a wide range 
of thicknesses of austenitic chromium- 
nickel stainless steels. It is particularly 
useful in welding materials which are to 
be ground and polished as there is no 
spatter or flux to be removed and the 
amount of weld reinforcement can be 
easily controlled. Sheet material as thin 
as 0.015 in. or less may be manually 
welded if the work is securely jigged. 
Sheet as thin as 0.005 in. is welded by 
machine only. While inert-gas metal-arc 
welding has not been extensively em¬ 
ployed on material thicker than V 4 in., 
limited use indicates that excellent quality 
and welding rates comparable to those 
obtainable with the shielded metal-arc 
process are possible on thicknesses up to 
and including a / 2 inch. The process is 
well suited to casting defect repair be¬ 
cause of the ready control of the weld 
contour and the freedom from danger of 
flux entrapment. 

Although for general-purpose welding, 
base metal composition is used in the 
welding rod, variation from this is neces¬ 
sary for specific purposes. Where maxi¬ 
mum corrosion resistance is required 
without postweld heat treatment, Type 
347 rod should be used for Grades 301, 
302, 304, 308, 321 and 347. For maxi¬ 
mum low-temperature impact strength in 
Type 304 weldments, Type 309 filler 
metal should be used. Hot-cracking 
tendency in the stainless steels of high 
nickel content can be reduced by the use 
of string beads instead of weave beads. 
Where this is not sufficient a welding rod 
of lower nickel content, such as 29-9 
(29 Cr-9 Ni), Type 312, and 29-9 Mo 
(29 Cr-9Ni-2.5 Mo), Type 312 Mo, is 
frequently used. 

Either a.c. or d.c. may be used. With 
a.c. a high-frequency stabilizing current, 
if superimposed, will aid in starting and' 
maintaining an arc. Tungsten electrodes 
should be used. Where d.c. is employed 
straight polarity is recommended. Car¬ 
bon electrodes are sometimes used in this 
case but the possibility of contamination 
of the weld metal by carbon exists. 

Procedures and precautions for prepa¬ 
ration of plate and control of distortion 
in welding by the inert-gas metal-arc 
process are similar to those already de¬ 
scribed for shielded metal-arc welding 
with a few exceptions. The penetration 
obtained in the inert-arc process makes a 
root opening unnecessary. In all cases 


the edges to be welded should be fitted 
so that they are in contact so far as prac¬ 
tical. Where multiple passes are used, 
preceding beads need be cleaned with a 
stainless steel wire brush only. 

For machine welding of all materials 
less than 3 /io-in. thick, accurate and 
strong jigs are required. For manual 
welding, jigs are generally essential when 
fabricating sheet thinner than 0.040 to 
0.065 inch. Jigs maintain the edges be¬ 
ing welded in proper position and align¬ 
ment and minimize distortion. Copper 
backing bars and copper clamp faces re¬ 
move heat rapidly from the work, result¬ 
ing in less distortion than in the cases 
where no bars are used. Where jigs are 
not used some control of distortion may 
be obtained by pasting wet asbestos paper 
in strips parallel to and along each side 
of the weld zone. 

Where the material is adequately 
jigged, tacking of the material before 
welding is not necessary. Where no jigs 
are employed, tacking will be required. 
All tacking should be done using only the 
inert-arc process to avoid contamination 
by flux. In general, tacking require¬ 
ments are somewhat less than for shielded 
metal-arc welding. For Vs- to V 4 -in. 
plate, */ 4 -in. long tacks on 3- to 4-in. 
centers, and for %o- to 1 / 2 -in. plate, 2-in. 
long tacks on 8- to 12-in. centers will 
usually be satisfactory. All tacks should 
be wire brushed before final welding. All 
passes should be brushed before starting 
subsequent passes. 

Submerged Arc Welding .—The blanket 
of molten slag employed in this process 
for protecting the weld metal from oxida¬ 
tion provides efficient transfer of readily 
oxidizable elements. Electrodes used 
usually have slightly higher chromium 
and columbium contents than the corre¬ 
sponding type base metal to take care of 
the small losses that do occur. Powdered 
metals may also be added to the granu¬ 
lated flux to compensate for losses by 
oxidation, or to modify the alloy com¬ 
position of the weld deposit. 

This process makes use of high weld¬ 
ing currents and is capable of deep pene¬ 
tration and fusion into the members 
being joined. By virtue of this the re¬ 
sultant weld may be made up of at least 
one-half base metal and in heavier thick¬ 
nesses even up to two-thirds base metal. 
Under normal conditions where dissimilar 
metals are joined, each component, includ- 
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Table 7—'Typical Double-Vee Butt Joints for Submerged Arc Welding 


Backing Pass——-' ,-Finishing Pass-- 

Welding Welding 

Thick- Groove Root Rod Cur- Volt- Groove Rod Cur- 

ness. Angle, Face, Diara., rent, age, Speed, Angle, Diam., rent, Voltage, Speed, 

In. Deg. In. In. Amp. Volts In./Min. Deg. In. Amp. Volts In./Min. 


V« 

90 

>/4 

Vl» 

525 

30 

V* 

90 

»/4 

Vie 

700 

35 

V* 

90 

V 4 

Vie 

700 

33 

V« 

90 

v« 

V 4 

700 

33 

V» 

90 

V» 

*/ 4 

715 

33 

ing electrode, will 

contribute about 

: one- 

third of 

the 

metal 

contained 

in the 

weld 

deposit. 

If 

one of 

the base 

metal 

pieces 


is a plain-carbon or low-alloy steel, there 
is a danger that the alloy content of the 
weld bead will be reduced by dilution to 
an undesirably low level unless, of course, 
an electrode of high total alloy content 
is selected to compensate for the dilu¬ 
tion. As an example, Type 302 (18 Cr- 
8 Ni) stainless steel plate would be 
welded to plain-carbon steel plate with a 
Type 310 (25 Cr-20 Ni) stainless steel 
welding rod. 

Because of the deep penetration char¬ 
acteristic of this welding process, much 
smaller grooves and root openings are 
used than with other arc welding proc¬ 
esses, thus minimizing the edge prepara¬ 
tion and the consumption of welding rod. 
The deep penetration results in more uni¬ 
form temperature between the top and 
bottom surfaces of the base metal at the 
joint with less pull up and distortion. All 
thicknesses of material from 16 gage and 
up can be welded by this process. As in 
other welding processes, consideration 
must be given to the possibility of inter¬ 


20 

90 

Vie 

575 

32 

24 

18 

90 

Vie 

900 

33 

18 

16 

90 

‘A 

900 

35 

12 

15 

90 

Ve 

950 

35 

12 

15 

90 

‘A 

1025 

35 

12 


granular carbides being precipitated by 
the heat of welding. So far, complete 
success has not been obtained in welding 
light-gage stabilized Type 321 and Type 
347 stainless steels, 8 gage and lighter, 
due to cross checking or cracking in the 
weld metal. There has been considerable 
commercial application of the process to 
light and heavy gages in Type 302 and 
Type 304 and to heavier gages in a spe¬ 
cial Type 309 containing columbium as 
well as Types 316 and 347. 

Joint designs customarily used in the 
submerged-arc welding of plain-carbon 
steels and currents of approximately 80'/r 
of values used for plain-carbon steels of 
like thicknesses are required (see Chap¬ 
ter 13). Typical welding conditions for 
butt joints are given in Table 7. The 
mechanical properties of various weld 
metals at both room temperature and 
subzero temperature are given in Table 8. 

Close control of weld composition, high 
speed of welding and uniformity of welds 
are important factors in making satisfac¬ 
tory submerged-arc welds in stainless 
steels. Deposits which are free from 
frequent starts and stops and uniform 


Table 8—Typical Mechanical Properties of Submerged Arc Welds 


Material 

Test Plate Thickness 


All-Weld-Metal Tensile Test 
Yield point, psi. 

Ultimate strength, psi. 
Elongation, % in 2 in. 
Reduction of area, 

Charpy Impact, Ft.-Lb ° 
Notch on Center of Weld 
Room temperature 

— 320° F. 

Notch in Heat-Affected 
Zone 

Room temperature 

— 320° F. 

Free bend elongation, % 


-Type 301 - 

-V» In.- 


-Type 347 
*/« In. - 


As-Welded 


11,000 43..'>00 
83,000-84,800 
•*>1-55 
GO-62 


38 

26-30 


55 

36-42 

43-52 


Water 

Quenched from 

1950° F. 

As-Welded 

Stress 
Relieved at 
1550°F. 

31,000-44,000 

43.900-45,000 

37,500 

83.000-97,500 

83.400-84.500 

87,000 

49-58 

38-41 

46 

43-65 

44-52 

60 

36 

31 

28 

28 

17 

17 

50-63 

41 

36 

41-47 

47 

27 

49-54 

40 


T ype 
300 -f Cb 

*/» In. 


As-W elded 


41,800 

80,000 

45 

54 



• • 


00 


° Fach value average of 3 to 9 tests 
U-142 of ASME Boiler Code. 


Specimens, 10 x 10 min., prepared according to Paragraph 
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as to width and composition show excel¬ 
lent resistance to corrosion. High weld¬ 
ing speeds are favored to minimize car¬ 
bide precipitation adjacent to the weld. 


Oxy-Acetylene Welding .—This process 
is more generally used for welding sheets 
20 gage or lighter although heavier gages 
can also be handled. 


1 




Design 





I 


Set up for Welding 
(X s Thickness of Meta!) 



1 


A s - welded 



l 


Finished 


A. Butt-Type Flange Weld _ 

(May be Used Interchangeably with Open Square Butt-Type Joint) 



r _i_ Design 


Set Up for Welding 
(X'-Thickness of Meta!) 


Use 


Flat Head 


B. Flanged Corner Weld 


Design 


Use 


Tubing Set Up for Welding 
(X*Approx, fain. 


Inlet or Outlet 

C. Open Square Butt-Type Joint 


Use 




Fig. 10.—Joint Designs for Oxy-Acetylene Welding and TheirjUse 


The degree of carbide precipitation de¬ 
pends upon the heat input during weld¬ 
ing, the cooling rate of the heat-affected 
zone after welding and the composition 
of the base metal. When proper con¬ 
sideration is given these factors, the cor¬ 
rosion rate of the weld metal is compar¬ 
able to that obtained on wrought mate¬ 
rial. 

Gas Welding 

The austenitic chromium-nickel steels 
can be welded successfully by the oxy- 
acetylene process. Air-acetylene and oxy- 
hydrogen welding are not used because 
of the lower flame temperatures, conse¬ 
quent slow rate of welding and increased 
likelihood of carbide precipitation. 


As in arc welding, an important factor 
is control of expansion and contraction 
by the use of suitable jigs, fixtures and 
chill plates as well as the use of tack 
welding and careful preheating. Suitable 
joint design facilitates this control and 
helps to avoid warping (see Figs. 10 
and 11). 

Stainless steel sheet, especially less 
than 0.04 in. (20 gage) in thickness, is 
usually flanged so that the length turned 
up is equal to the thickness of the sheet 
and the joint is welded without filler 
metal. Metal up to Vie-in. (16 gage) 
thick can be satisfactorily welded with a 
square butt type joint, while a single-vee 
groove joint is preferred for metal be¬ 
tween Vie- and 1 /<-in. thick. Above 
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’/i-in. thick a double-vee groove joint is 
preferred. 

In sheets 14 gage and heavier a root 
opening equal to the thickness of the 
sheet is used. In sheet of 16 to 20 gage, 
zero root opening is used. 

Unless highly polished, the stainless 
steel surfaces to be welded should be 
cleaned with fine sandpaper, stainless 
steel wool, wire brushes or other abrasive. 
It is important that the materials used 
for cleaning be free of other metals, par¬ 
ticularly iron and mild steel. 



The welding tip should be one or two 
sizes smaller than that used for ordinary 
steel, with the oxy-acetylene flame just 
slightly reducing. An oxidizing flame 
should be avoided. With correct adjust¬ 
ment the excess acetylene feather will not 
project more than l / i0 in. beyond the tip 
of the inner cone, as seen through weld¬ 
ing goggles. 

The flame is generally held at an angle 
of 80 deg. to the surface of the stainless 
steel, with the tip of the inner cone 
almost, but not quite, touching the molten 
metal. 

A flame with excess oxygen oxidizes 
chromium and contributes to porosity in 
the weld metal. Too reducing a flame 
contains carburizing gases which trans¬ 
fer carbon to the weld metal, injur¬ 
ing its corrosion resistance and in ex¬ 


treme cases causing it to become brittle. 

Uniformity in welding speed is essen¬ 
tial, the forehand method being preferred 
on light-gage sheet, while backhand weld¬ 
ing on heavier gages is sometimes pre¬ 
ferred when speed is important. Com¬ 
plete penetration should be obtained in 
one pass without puddling or retracing 
the weld. If, however, it is necessary to 
stop or to work over a weld, this should 
not be done until the weld has entirely 
cooled. 

Oxides formed during the welding of 



Sandpaper inside end outside diameters over shaded areas 



Flux both inside and outside of tubing along joint 


for Oxy-Acetylono Welding 

stainless steel must be dissolved by spe¬ 
cial fluxes designed for these alloys. These 
(luxes are usually available in the form of 
a dry powder which is mixed with wa¬ 
ter before use and applied with a small 
brush to cover all surfaces cleaned for 
joining. With experience this fluxing 
may be limited to the back side of the 

weld or to a thin layer on the welding 
rod. 

Pressure Gas Welding .—Pressure gas 
welding is being used on austenitic stain¬ 
less steels. Considerable care and atten¬ 
tion are required to make satisfactory 
joints. As described in Chapter 7, a 
pressure gas weld is made without the 
use of molten metal in the weld joint. 
Generally speaking, any of the stainless 
steel grades may be welded. Because of 
the relatively low rates of heating and 
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cooling - , consideration must be given to 
intergranular carbide precipitation in un¬ 
stabilized austenitic chromium-nickel 
grades. 

The kind of joint which lends itself best 
to pressure gas welding is the end-to-end 
or butt-type joint, used with simple sec¬ 
tions like rounds, squares and heavy wall 
tubing. Joints in stainless steel to be 
pressure gas welded should be prepared 
by machining and grinding to make a 
precision butt fit. The faying surfaces 
must be held in intimate contact through¬ 
out the early heating stages to prevent 
the formation of an excessive amount of 
scale and oxide in the joint, which are 
difficult to disperse in these alloys. 

The pressure used to insure intimate 
contact, to disperse the oxide film in the 
joint and to secure sufficient upset is gen¬ 
erally higher than for ordinary steels be¬ 
cause stainless steels have greater strength 
at elevated temperatures. The pressure 
must be applied uniformly to avoid par¬ 
tial separation of the abutting surfaces 
because heavy scaling would take place 
in those areas where the atmosphere en¬ 
tered. Close temperature control must 
be exercised because austenitic stainless 
steels have low thermal conductivity. Too 
fast a rate of heat input may overheat 
the surface and underheat the core, while 
a very slow heat input may cause exces¬ 
sive scaling. 

A typical procedure for pressure weld¬ 
ing Type 302 material would be to: (1) 
apply 10,000 psi. initial pressure; (2) 
heat to 2200°F. taking care that a small 
amount of upset occurs at about 1300°F. to 
help seal the joint against penetration by 
the gaseous atmosphere; (3) when the 
joint is uniformly heated, apply additional 
pressure to obtain sufficient upset and the 
desired length; and (4) allow to cool. 
Final annealing after welding is required 
to redissolve carbides precipitated during 
welding. 

The upsetting is a necessary part of 
the operation because some scaling will 
invariably occur at the extreme outer edge 
of the joint and prevent bonding. This 
unwelded notch at the surface should be 
removed when the upset portion is ma¬ 
chined off. Welded joints made under 
optimum conditions display strength and 
ductility equal to that of unwelded ma¬ 
terial. The notch-bar impact strength 
and fatigue strength are reported to be 
slightly lower than for unwelded material, 


and are the first mechanical properties 
to be affected by improper welding prac¬ 
tice. 

Customary practice usually involves the 
making of several sample welds which 
are subjected to a rigorous inspection, 
including tests for mechanical properties, 
macro etch tests for unbonded edges and 
microscopic examination of the structure 
at the weld interface. The final joints are 
subjected to non-destructive tests such as 
surface pickling, radiographic inspection 
and examination with supersonic devices. 

Resistance Welding 

General .—The austenitic stainless steels 
may be welded by any of the resistance 
welding processes described in Chapters 
16 and 17. In fact, weld joints of high 
strength may be produced in the austen¬ 
itic stainless steels with less difficulty than 
in most carbon and low-alloy steels. 
However, close control of welding vari¬ 
ables must be exercised to safeguard the 
corrosion resistance of the joint. 

In spot and seam welding of stainless 
steels the facts to be remembered are that 
due to the higher electrical resistance of 
chromium-nickel alloys, the welding cur¬ 
rents used are, in general, lower than 
those used for the welding of mild steel. 
Also, the pressures are consistently higher, 
first, because of the higher contact re¬ 
sistance and, second, because of the 
greater strength, particularly at elevated 
temperatures. 

The lower heat conductivity of stain¬ 
less steels produces a thermal gradient in 
the weld which is considerably steeper 
than in mild steel welds, with the result 
that the quality of the weld is more sus¬ 
ceptible to variations in the welding con¬ 
ditions, such as magnitude and time of the 
welding current, welding pressure and 
electrode shape. This condition is further 
aggravated by the comparatively short 
welding times necessary because of the 
danger of carbide precipitation as ex¬ 
plained later. 

A characteristic of austenitic stainless 
steels which proves an advantage in spot 
or seam welding is their low magnetic 
permeability. As larger masses of mate¬ 
rial enter the throat of the machine, it is 
not necessarv to increase the welding 
current to compensate for changes in 
reactance, as is commonly done in weld¬ 
ing strongly magnetic steels. 

Spot Welding .—Successful spot weld- 
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ing of chromium-nickel alloys requires the 
following: 

1. The welding current must remain 
the same at each weld and random tran¬ 
sients cannot be tolerated. In addition, it 
is preferable that the welding current be 
as nearly sinusoidal as possible. The 
welding current should be applied syn¬ 
chronously, that is, always on the same 
point of the voltage wave, preferably the 
one which would not result in any tran¬ 
sient current. The voltage variation at the 
welding transformer should not be more 
than 5%. The use of autotransformers 
between the welding transformer and the 
welding contactor should be avoided. 

2. The duration of the welding current 
should be kept constant. Welding at time 
intervals of less than 5 cycles (V is of a 
second) should not be attempted unless 
timing accuracy of better than V« of a 
cycle (Va*o of a second) can be assured. 
Whenever it is desirable to use very short 
time intervals as in the case of welding 
very thin gages, timing equipment of the 
full electronic type, independent of mechan¬ 
ical switching of current, should be used. 
A timing variation of more than 1 cycle 
( l /eo of a second) in the duration of the 
weld should not be tolerated in any case. 

3. The welding pressure must be as 
uniform as possible. Variation in pres¬ 
sure will affect both the current density 
of the weld (by changing the contact 
area) and the electrical resistance of the 
weld. For this reason, adequate jigs must 
be provided to hold the surfaces to be 
welded in good contact with each other 
and relieve the welding arms from the 
need of flattening out ripples and buckles. 

4. The surfaces to be welded must be 
thoroughly cleaned and completely free 
from all scale, oxide, dirt, grease or draw¬ 
ing compound. 

5. Considerably higher pressure should 
be used than is customary with mild steel. 
Very good results can be obtained with 
pressures two to three times those used 
on mild steel. 

6. For best results the electrode tips 
should be made of special high conductiv¬ 
ity copper alloys possessing not less than 
70 Rockwell B hardness, nor less than 
85% electrical conductivity. They should 
be internally cooled to promote rapid 
cooling of the weld and minimize carbide 
precipitation. 

7. Proper pressure should be maintained 
at all times. Insufficient pressure causes 


blow-holes inside the weld metal and, in 
extreme cases, actual surface fusion of 
the metal. 

8. Because of the comparatively high 
contact resistance of high-tensile austen¬ 
itic steels, the short-circuiting effect of 
the preceding welds on each new weld 
may be considerable, particularly if more 
than three metal thicknesses are welded 
together at a time and if the spacing of 
spot welds is comparatively close. This 
effect should be measured and compen¬ 
sated for by a suitable increase of the 
welding current. 

It has been established that with appro¬ 
priate technique it is feasible to spot welo 
the high carbon (0.15% C max.) un¬ 
stabilized material without harmful car- 
hide precipitation and without undesir¬ 
able loss of ductility. 

For the thinner gages there is usually 
little difficulty in keeping the welding 
time below the danger point of harmful 
carbide precipitation, but in the thicker 
material the welding times and currents 
must be held more closely within speci¬ 
fied limits. When the thickness is much 
greater than Vs in., the higher carbon 
alloys, Types 301 and 302, may show 
undesirable carbide precipitation. Thus, 
if a structure made of thicker material 
is to be subjected to a corrosive exposure, 
it is advisable to employ either the low 
carbon Type 304 steel or stabilized alloys 
according to the degree of corrosive ex¬ 
posure. 

Because the weld nugget is normally 
subject to rapid cooling, equivalent to 
quenching, spot welds in austenitic stain¬ 
less steels are extremely tough and duc¬ 
tile. It is possible to secure high joint 
efficiencies. 

Spot welding is particularly adapted 
to the fabrication of light weight struc¬ 
tures from high-strength Type 301 and 
Type 302 stainless steels which can be 
obtained with tensile strengths in excess 
of 150,000 psi. 

The weld time used for high-tensile 
stainless steel is of great importance if 
harmful carbide precipitation is to be 
avoided. In general, the welding time 
must be of comparatively brief duration 
and must be accurately controlled. 

In thin gage material a hold time of Vio 
sec. following the cessation of current 
flow is recommended to assist in cooling 
the spot as quickly as possible below the 
carbide precipitation range. In heavier 
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gages this period should be extended. 
One-sixth of a second has been suggested 
for material Vs-in. thick. 

Electrode tip dimensions affect the di¬ 
ameter and thickness of the weld nugget 
and under-sized tips will buckle and dis¬ 
tort. Satisfactory welds for most pur¬ 
poses can be made by using the Recom¬ 
mended Practice for Spot Welding Stain¬ 
less Steel, which is given in Chapter 
16. However, in fabricating highly 
stressed structures, individual spot-weld 
strength values should be checked by the 
methods described in Chapter 42. 

The appearance of spot welds made on 
austenitic chromium-nickel steels is usu¬ 
ally very good. By delaying the release 
of the welding pressure until the weld 
has cooled below oxidizing temperature, 
complete freedom from discoloration can 
often be obtained. Where slight dis¬ 
coloration is present, it can easily be re¬ 
moved by cleaning with powdered pumice, 
by scrubbing with alkali cleansers or by 
brief immersion in a solution of 10% 
nitric acid plus 2% hydrofluoric acid at 
room temperature, or 50% hydrochloric 
acid at room temperature. The latter 
two solutions are corrosive and parts 
should not be exposed to them for long 
periods of time or the surface may become 
etched. 

To reduce or minimize spot weld in¬ 
dentation or depressions, the use of an 
oversized flat tip on the exposed side and 
a dome-shaped tip on the back side has 
been recommended. Another method em¬ 
ploys a shim of soft high-conductivity 
material like aluminum under the elec¬ 
trode tip on the exposed side. 

The spot-weld cross section can be 
determined readily by cutting a sample 
weld through the middle and, after a 
sufficient polish, etching it in a hot solu¬ 
tion of 20% nitric and 5% hydrofluoric 
acid. The weld nugget will stand out 
in clear outline and the quality and ap¬ 
proximate strength of the weld can be 
easily determined by measuring its diam¬ 
eter and depth of penetration. This 
method has the advantage of showing up 
the presence of any blow-holes or cracks 
indicative of insufficient welding pressure. 

The spacing of spot welds joining 
stiffeners to panels in reinforced panel 
designs is a function of the compressive 
load the panel is designed to carry with¬ 
out buckling between the spots. 

The following formula (applicable only 


when weld is close to web of stiffener) 
can be used as a guide in determining the 
proper spot-weld spacing in terms of the 
buckling stress: 

L - 1J W? - 5% 

where 

L — weld spacing 

t — metal thickness 

^ = design stress at which buckling 

will appear in thinnest metal 
T.S. = ultimate tensile strength of 

thinnest metal 

E = Young’s modulus of elasticity 

The weld shear strength and to some 
extent the weld diameter should be used 
as a criterion for determining the exact 
welding condition. In addition, the weld 
metal should be free from blow-holes and 
porosity, though on metal 0.093 in. and 
thicker as well as on multilayer combina¬ 
tions exceeding 8 /ie in. in total thickness, 
a certain amount of porosity will be pres¬ 
ent unless extremely high pressures are 
used. It is generally agreed that in these 
cases a slight amount of porosity can be 
tolerated. 

Frequently the geometry of the part 
welded is such that the pressures shown 
in the Recommended Practice cannot be 
used. To some extent the lowering of 
pressure can be compensated for by de¬ 
crease of current and increase of time. 
Any appreciable decrease of pressure^ 
however, will result in smaller, hence, 
weaker welds. 

Distortion and Stresses Due to. Spot- 
Welding Shrinkage. —The coefficient of 
expansion of the austenitic chrome- 
nickel steels is considerably higher than 
that of the mild or medium carbon steels. 
On the other hand, their thermal con¬ 
ductivity is much lower. Accordingly, it 
is to be expected that the distortion and 
stresses due to the actual welding shrink¬ 
age will be more severe. The distortion, 
buckling and warping due to the shrinkage 
of spot or seam welds present a difficult 
problem in the welding and fabrication o 
stainless steels. In welding austenitic 
chromium-nickel structures a study of the 
effects of shrinkage on the completed 
structure should be considered so t at 
suitable provisions may be included in t e 

design. . 

In spot welding, the extent of welding 

shrinkage can be greatly reduced by 
keeping down the size of the indivi ua 



STAINLESS STEELS 


667 


welds. There is a definite relationship 
between the stiffness of the sheets being 
welded and the amount of welding shrink¬ 
age within each individual spot which can 
exist without distorting the sheets. This 
relationship will vary, depending on the 
tensile characteristics of the sheets, but 
in general it will be found that the safe 
upper limit of spot-weld diameter is four 
to five times the thickness of the thinnest 
sheet welded. For this reason, from the 
point of view of shrinkage, more spots of 
small diameter are to be preferred to few 
spots of large diameter even if the total 
volume of weld metal is the same in both 
cases. 

The distortion and warping produced by 
welding shrinkage can be overcome to a 
certain extent by peening or trip-hammer¬ 
ing the weld metal. As a rule, it will 
be found helpful if all spot and seam 
welds are thoroughly trip-hammered, pref¬ 
erably one row at a time, at the end of 
each operation and before another welding 
operation is attempted. 

Seam Welding. —Much use is made of 
roll spot and seam welding in joining 
austenitic stainless steel sheet and strip. 
For a detailed description of this process 
refer to Chapter 16, which includes the 
Recommended Vractice for Seam Weld¬ 
ing Stainless Steel. 

Projection Welding. —Projection weld¬ 
ing is essentially a technique for securing 
localized contact by means of projections 
or embossments on one or both of the 
surfaces to be joined. The size and shape 
of the projections may be varied at will. 
The Recommended Practice for Projection 
Welding Stainless Steel is included in 
Chapter 16. 

Projection welding is widely used in the 
fabrication of stainless steel wire into 
refrigerator shelves, stove grates, cooker 
baskets, heater guards and many other 
wire products. Two distinct types of 
joints are used: lap joints, which involve 
line contact between the wires to be 
welded, and cross-wire joints, in which 
the wires make point contact. The latter 
generally proves to be more satisfactory 
from the standpoints of strength and ap¬ 
pearance. Cut and formed wires are usu¬ 
ally held in frames or jigs for the welding 
operation. The welds may be made 
singly using conventional flat-face tips, or 
tips in which a vee groove lias been cut 
in the face to provide additional contact 
area on the wire. For rapid production. 


large flat bar-type electrodes may be em¬ 
ployed to make multiple welds. As many 
as forty or more cross-wire joints may be 
welded at one time. 

The most satisfactory welds are made 
on stainless steel wire using short welding 
times, in the range of 1 to 5 cycles of 60- 
cycle current, and commensurate amper¬ 
age. The pressure or electrode force is 
somewhat lower than used in spot welding 
sheet to avoid excessive deformation of 
the wire sections. Short welding times 
also minimize discoloration which appears 
around the welded joint. 

Flash and Upset Welding. —A descrip¬ 
tion of these two processes is given in 
Chapter 17. In the case of stainless steels 
the current requirements are about 15% 
less than for mild steel and the upsetting 
pressures range from 13,000 to 25,000 psi. 
of weld area, which are somewhat higher 
than for mild steel. Because of the higher 
contact resistance and the greater upset¬ 
ting forces, the clamping pressures on 
stainless steel must be 40 to 50% higher 
than employed on mild steel. 

The flash-welding process has several 
inherent advantages over the upset weld¬ 
ing process for stainless steel. A sound 
joint is made in either case by exerting 
sufficient pressure to close up all voids in 
the weld zone and to extrude all metal 
in the molten state along with slag or 
other impurities. In an upset weld, a 
very large and often objectionable upset 
is welded to insure a clean joint. In a 
flash weld, however, the oxides are 
largely forced out along with the small 
amount of plastic metal that forms in the 
joint, and the deformation of the section 
is smaller. Flash welding is faster and 
more economical in power consumption 
as it requires the generation of less heat. 

Brazing 

Stainless steels can be brazed when 
welding is impracticable, using a silver 
brazing alloy. Silver brazing alloys are 
resistant to many types of corrosion and 
have been used to join stainless steels to 
plain steel, copper and other alloys. The 
selection of a brazing alloy with a low 
melting point, around 1200°I 7 ., is recom¬ 
mended to minimize the heat-affected zone 
in the base metal. Borax or boric acid 
fluxes used in high-temperature brazing 
are not suitable with silver alloy brazing 
(see Chapter 22). 

Brazing stainless steels with high melt- 
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ing point bronze rods is not recommended 
because of the likelihood of serious em¬ 
brittlement caused by intergranular pene¬ 
tration of the brazing alloy into the base 
metal. 

After cleaning the areas to be brazed, 
flux in paste form is applied. The silver 
alloy wire or strip is fitted over the joint 
and an oxy-acetylene torch, adjusted to a 
slightly reducing flame, is applied, playing 
the flame back and forth. Gas and electric 
furnaces with neutral atmospheres can be 
used for production work. 


After brazing all remaining flux should 
be completely removed with a high-pres¬ 
sure steam jet or hot water. 

Mechanical Properties of Welded Joints. 
—Data selected from some of the refer¬ 
ences in the bibliography of this chapter 
on the mechanical properties of joints 
welded by various processes are given in 
Table 9. 

Soft Soldering 

Soft soldering of austenitic stainless 
steels will give joints with good adhesion. 


Table 9—Mechanical Properties of Joints Made by Various Processes 


A. Tensile Properties of Arc-Welded Type 321 (18-8 Ti) from 75 to 1610°F. 


Tensile Strength 


Temperature, 

°F. 


Psi. 


% of 
Unwelded 


Elongation in 2 In.— 

% of 

% Unwelded 


Reduction of Area—< 

% of 

% Unwelded 


75 

520 

930 

1420 

1610 


79,000 

59,000 

50.000 

19,000 

12,000 


98 

98 

93 

>100 


59 

32 

31 

27 

16 


76 

71 

76 


74 

62 

65 

61 

55 


100 

94 

99 

>100 


Notes: Double-vee groove welds in a /4-in. plate with E308 electrode. Welds quenched from 1950°F- 
before machining standard 0.505-in. diam. specimens. All fractures in base metal. 

B. Endurance Limit of Oxy-Acetylene Butt-Welded Type 304 (18-8) Tubes 

Endurance Limit 


Heat 

Treatment 


Tensile Strength 
Welded Tube, a 
Psi. 


Unwelded Tube, 
Psi. 


Welded Tube,& 
Psi. 


Ratio of 
Welded to 
Unwelded Tube 


24,000 


16,000 

16,000 


As-welded 85,000 

i/s hr., 1990°F. 81,000 - 

° Based on cross-section of unwelded tube. 

b Unmachined oxy-acetylene butt-welded tubes 1-in. O.D., l /n-in. 
welding rods; rotating beam test. 

C Tensile Properties of Pressure Gas Welded Joints of Type 347 (18-8 Cb), 

Type 321 (18-8Ti) and Type 310 (25-20) Steels 


0.67 


wall, using Type 304 (18-8) 


Steel 

Type 


Condition 


Tensile 

Strength, 

Psi. 


Yield 

Strength, 

Psi. 


Elongation 
in 2 In., 

% 


Reduction 
of Area, 

% 


347 

Welded 

77,000 

44,000 


Welded and forged 

88,000 

51,000 


Unwelded 

88,000 

48,000 

321 

Welded—not forged 

78,000 

45,000 


Unwelded 

83,000 

46,000 

310 

Welded—not forged 

75,000 

40,000 


Unwelded 

75,000 

42,000 


39 
55 
57 

40 
61 

46 

51 


61 

68 

59 

45 

75 

52 

50 


notes: vjxy-acetyiene name usea as a source oi neat, auu -- 

except as noted. The tensile specimens were 0.505-in. diam., 2-in gage length. 

D. Tensile Strength of Seam Welded and Shielded Metal-Arc Welded J? f Type 

(18-8) and Type 347 (18-8 Cb) Sheet at Room Temperature and -32U r . 


Steel Type 
and Condition 
(0.026-In. Sheet) 


Room Temperature 
Tensile Joint 

Strength, Efficiency, 0 
Psi. % 


Tensile 
Strength, 
Psi. 


302 O/2 hard) 

302 (*/* hard) 

347 (Annealed) 

347 (Annealed) 

347 (Annealed) 

a Joint efficiency 
temperature. 

b Broke in weld. 



Joint 
Efficiency, 0 

% 


Unwelded 
Seam weld 
Unwelded 
Seam weld 
Arc weld 


169,000 
149,000 
96.000 
93,000 
93,000 


88 
• • 
97 
97 


275,000 

175,000 

232,000 

233,000 

190,0006 


63 
• • • 
100 
82 


m V- uuu xjtj - ■ . - fACt 

—Ratio of tensile strength of weld to tensile strength of unwelded specimen 
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A solder containing at least 50% tin is 
recommended. The joint surface must be 
thoroughly cleaned of grease or other oils 
and unless pickled surfaces are used, it 
must be roughened by filing, rubbing with 
emery cloth, grinding or by etching with 
commercial hydrochloric acid. Etching 
requires only a few minutes and the acid 
should be thoroughly removed after use 
(see Chapter 23). 

More active fluxes than used for mild 
steel are required to cut through the 
chromium oxide film present on stainless 
steel and permit good adhesion of the 
solder. Orthophosphoric acid is a satis¬ 
factory flux. 

The use of a large, hot soldering iron 
which will quickly flow the solder into 
the joint is recommended. Prior tinning 
of the edges is helpful and will assist in 
keeping them clean before final soldering. 


such devices as the use of extreme preheat, 
auxiliary heat, a waster strip of plain- 
carbon steel placed over the cut or the 
use of a plain-carbon steel rod introduced 
between the tip of the torch and the work. 

Both the oxygen-cutting and arc-cutting 
processes, now available, will produce a 
heat-affected zone in the base metal next 
to the cut. The stabilized alloys are 
unaffected but other grades may require 
annealing treatment to restore full corro¬ 
sion resistance to the material. If used 
as a means of edge preparation for sub¬ 
sequent welding, removal of the adhering 
oxide film from the cut face by light 
grinding is usually recommended. In this 
case the heat effects from welding will 
determine largely whether final treatment 
of the weldment is required. 

Oxygen Cutting .—Two methods of oxy¬ 
gen cutting are now available for use with 


TRAVEL 


REGULATOR 
FLUX DISPENSER 


OXYGEN ft FLU* 


CUTTING TIP 


PREHEAT 


CUT 

SURFACE 



OXYGEN STREAM 
LADEN WITH 
FLUX 


a. 




OXYGEN 




SCHEMATIC ARRANGEMENT 
OF OXYGEN AND FLUX 
SYSTEM 


Fig. 12.—Schematic Diagram Showing the Principles of the Flu* Injection Cutting Process 


Because relatively strong acid fluxes 
are necessary for good results, it is es¬ 
sential that the excess be thoroughly re¬ 
moved after soldering; otherwise, they 
may eventually discolor and pit the surface 
of the steel. Washing or scrubbing with 
ammonia water or a solution of laundry 
soap and washing soda, followed by 
thorough rinsing, is desirable. 

Cutting Processes 

The tendency for molten stainless steel 
to become covered with a refractory film 
of oxidation products has prevented the 
successful cutting of these alloys by con¬ 
ventional oxygen-cutting processes. Prior 
to the introduction of the methods de¬ 
scribed below, cutting was achieved by 


stainless steels which are both versatile 
and economical. All the common alloys 
can be satisfactorily cut in all thicknesses 
by these processes. The resultant cut 
surfaces are smooth and straight, compar¬ 
ing favorably with the results obtained 
with carbon steel. Manual cutting, ma¬ 
chine cutting, stack cutting and intricate 
shape cutting are possible. The techniques 
are similar to those used in cutting carbon 
steels as described in Chapter 24. 

One method, the flux injection proce¬ 
dure (see Fig. 12), introduces a chemical 
powder or flux with the oxygen stream. 
I his process depends upon the fluxing 
action of the powder on the refractory 

compounds formed by the oxidation of the 
alloy. 
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The other method, powder cutting (see 
Fig. 13), introduces an iron-rich powder 
into the reaction zones. This metallic 
adjuvant is exothermic in its reaction and 
provides the additional heat required for 
melting and fluxing away the refractory 
oxides. 

For a more complete description of 
these two methods, see Chapter 24— 
Oxygen Cutting. 


Joining Austenitic Stainless Steels 

to Carbon and Low-Alloy Steels 

The welding of the austenitic stainless 
steels to carbon, low-alloy and straight 
chromium steels, that is, ferritic steels, 
can be readily accomplished by any of the 
accepted welding processes. Because the 
weld produced is of necessity a composite 
mixture of the two base materials and of 


AIR SUPPLY 



IRON POWDER 
DISPENSER 


TRAVEL 


AIR & IRON 
POWDER 


COMBUSTION OP 

IRON POWDER AND 
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TOP SECTION OF 

CUT 


CUTTING TIP 




OXYGEN 


IRON POWDER SCHEMATIC ARRANGE- 
AND AIR MENT OF OXYGEN AND 
PREHEAT POWDER SYSTEMS 


CUT SECTION V CUTTING OXYGEN 

Fig. 13.—Schematic Diagram Showing the Principles of the Powder Cutting Process 


Oxy-Arc Cutting .—For many years, 
stainless steels have been severed by means 
of the carbon-arc or a metal-arc electrode 
(usually an E6020 type, mild steel) with¬ 
out oxygen. High currents are employed 
and the action is slow thus causing a large 
amount of heat to accumulate in the 
piece being cut. The cut is generally 
very rough and requiries considerable 
dressing. 

By employing a tubular mild steel rod 
coated in a manner similar to a welding 
electrode, it is possible to introduce oxy¬ 
gen into the center of the arc resulting in 
substantial increase in cutting speed. The 
oxy-arc process combines the heat of the 
electric arc with the heat of combustion 
of the electrode core. Fluxing of the 
refractory chromium oxides is accom¬ 
plished by the iron oxide formed from 
the core and the silicates of the coating 
(see Fig. 14). 

Further details on the above cutting 
processes can be found in Chapters 24 
and 25 and in some of the references 
contained in the bibliography. 


the filler metal used, proper consideration 
must be given to prevent the formation of 
an air-hardening and brittle weld which 
would crack upon cooling. The best 
preventive of this brittle condition is the 
use of a welding rod or electrode, suffici¬ 
ently high in alloy content to produce a 
weld having austenitic characteristics after 
dilution by the mild steel. The most 
widely used material for such welding is 
either Type 309 (25—12) or Type 310 
(25-20), the welding technique being the 
same as that used for any of the accepted 
welding processes and the same rules for 
fit-up, electrode sizes and current values 

being applicable. 

The selection of the best filler metal for 
welding dissimilar metals may be pre¬ 
dicted by referring to the phase diagram 

shown in Fig. 8. . 

A weld of dissimilar metals, involving 
low-carbon weld metal and high-carbon 
base metal may show evidence of carbon 
diffusion if the weld is subjected to ele¬ 
vated temperatures either as a posthea 
treatment or in service. Carbon has been 
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observed to diffuse into austenitic welds 
from carbon-molybdenum steel base metal 
operating for long periods of time at 
900°F. This may occur even in cases 
where there is the same initial carbon 
content in both weld and base metal. 


COMMON APPLICATIONS 

The austenitic stainless steels are well 
adapted to fabrication by nearly every 
type of welding. As a result it is common 
to find weldments in every field of appli- 
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Fig. 14.—Schematic Diagram Showing the Principles of the Oxy-Arc Cutting Process 


Much more rapid diffusion occurs as the 
temperature increases: at 1600°F. heat 
treatments for as little as 1 hr. have shown 
evidence of diffusion. Whether or not 
carbon diffusion is detrimental will de¬ 
pend upon the effect of decreased carbon 
in the base metal and of increased carbon 
in the weld metal on the properties of 
the materials in service. 


cation of these alloys. Numerous ex¬ 
amples are present in the fields of air¬ 
craft, food processing equipment, chemical 
processing equipment, oil refining equip¬ 
ment and so on. The selection of the 
proper grade of stainless steel and the 
best method of welding for a particular 
application should be discussed with the 
supplier. 
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CHAPTER 31B 


AUSTENITIC MANGANESE STEEL* 


GENERAL PROPERTIES 

Austenitic manganese steel, which is 
also called Had field's manganese steel 
after its inventor, is an extremely tough 
nonmagnetic alloy in which the usual 
hardening transformation occurring in 
carbon and low-alloy steels has been sup¬ 
pressed by a combination of high 
manganese content and rapid cooling from 
a high temperature. It is characterized 
by high strength, high ductility and excel¬ 
lent wear resistance. In the form of 
castings or of rolled shapes it serves 
many industrial requirements as an out¬ 
standing material for resisting severe 
service that combines abrasion and heavy 
impact. 

Composition 

The nominal composition of austenitic 
manganese steel includes 1.2% carbon and 
12 or 13% manganese as essential ele¬ 
ments. Commercial analyses will usually 
vary within the 1.0-1.4% C and 10—14% 
Mn ranges established by A STM 
Specifications for Austenitic Manganese- 
Steel Castings (Serial Designation A128) 
and some other specifications. There is 
a tendency to keep the chemistry to the 
mid-point of the carbon range and at 
12-13% Mn as the lower limit is as¬ 
sociated with somewhat inferior tensile 
properties and the upper limit provides 
no economic advantage. 

Carbon has a slight but distinct effect 
on yield strength, both decreasing to¬ 
gether. Its effect on other tensile 
properties is overshadowed by variables 
such as grain size, but there is an indica¬ 
tion of an optimum around 1.15%. A 

* Prepared by a committee consisting of F. 
N. Stone, American Manganese Steel Div., 
American Brake Shoe Co., Chairman; H. S. 
Avery, Metallurgical Dept., American Brake 
Shoe Co.: H. A. Fabert, Jr., W. A. George, 
E. M. Kaulbach and H. D. Sweeney, all of 
American Manganese Steel Div., American 
Brake Shoe Co. 


higher carbon content may cause trouble 
in heat treatment or in foundry handling. 
Low carbon is helpful in avoiding the 
embrittling effect of carbide precipitation 
on cooling below the limit of solubility 
and for this reason is generally employed 
in welding rod alloys and other modifica¬ 
tions where the normal heat treatment 
involving a water quench is impracticable. 

Manganese contributes a vital auste¬ 
nite-stabilizing effect, delaying trans¬ 
formation by producing sluggishness, 
rather than eliminating it. Thus, with a 
simple steel containing 1.1% manganese, 
quenched from above 1600° F., the begin¬ 
ning of the hardening transformation at 

700°F. may occur in about 15 sec. while, 
with 13% manganese, about 2 days may 
be required. Below 500°F., phase change 
and carbide precipitation are so sluggish 
that for practical purposes they may be 
neglected in the absence of deformation 
if the manganese content is above 10%. 

Manganese within the limits 10—14% 
has almost no effect on yield strength 
but it does benefit ultimate tensile 
strength and ductility. The difference 
between 10 and 13% manganese can be 
demonstrated, though it requires careful 
control of other variables to make it 
apparent. Below 10% Mn the tensile 
properties decline rapidly, falling to per¬ 
haps one-half their normal level at about 

8% Mn. . 

A lower limit of 11% Mn is desirable 
for critical requirements, though the im¬ 
provement over 10% is slight. The upper 
limit is rather arbitrary and is probably 
more dependent on alloy cost than on 
results, as acceptable properties may be 
produced up to at least 20% Mn. 

Silicon is included chiefly for steel¬ 
making purposes. While it infrequently 
exceeds 1% it may be employed up to 
about 2% to produce a moderate increase 
in yield strength and resistance to plastic 
flow under repeated impact. At about 
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2.2% a sharp reduction in strength and 
ductility begins, rendering the range 
above 2.3% Si practically worthless for 
normal applications. 


opinion is based on room temperature 
mechanical properties. Above 0.06% it 
reduces hot strength and ductility. This 
tendency is related to the formation of 



Fig. 1.—Effect of Heat Treatment on 12.5% Mn Steel 
Structures retained at room temperature by water quenching. 


Sulfur is seldom a factor in 13% 
manganese steel, the scavenging effect of 
manganese, for which it is customarily 
added in simple steels, operating to elimi¬ 
nate sulfur by slagging or fixing in the 
form of innocuous rounded inclusions of 
manganese sulfide. Elongation of these 
in wrought steel may contribute to di¬ 
rectional properties; in cast steel they are 
considered harmless. 

Phosphorus is generally reputed to be 
harmless below 0.10%. However, this 


hot cracks in castings, contributing to 
the production problems of the foundry. 
However, unless cracked castings escape 
inspection and go into service, a phos¬ 
phorous content of less than 0.10% is 
considered acceptable to the user. 

Other elements, such as nickel, 
molybdenum, chromium, copper or vana¬ 
dium, may be added to standard man¬ 
ganese steel to modify the usual properties, 
but most of the commercial product is un¬ 
alloyed. 
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Heat Treatment 

The as-cast or as-rolled structure of 
manganese steel contains carbides and 
other transformation products that pro¬ 
duce marked brittleness by their continuity. 


allowance for lag in heat transfer to the 
center of heavy sections is required, of 
course. 

The speed of quenching is important, 
although difficult to accelerate beyond 
the rate fixed by heat absorption from 
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Fig. 2.—Embrittlement Produced by Reheating Austenitic Manganese Steel 


The as-cast tensile strength (in small 
test castings) will approximate 60,000 to 
70,000 psi. with elongation values down 
to less than 1% in 2 inches. The stand¬ 
ard toughening heat treatment involves 
austenitizing and water quenching, pro¬ 
ducing the normally expected mechanical 
properties. 

The austenitizing temperature should 
be high enough to insure complete so¬ 
lution of carbon, as indicated by Fig. 1. 
A long time at temperature is not con¬ 
sidered necessary, as equilibrium is 
probably established within 20 to 30 min. 
at temperatures above 1850° F. An 


a surface cooled by agitated water. The 
mechanical properties at the centers of 
heavy sections are characteristically lower 
because of slower quenching rates. 

Internal stresses from quenching coupled 
with the lower properties of heavy sec¬ 
tions have established a practical maximum 
of 5 or 6 in. for the thickness of com¬ 
mercial castings. Stresses also develop 
during mold cooling and thus are likely 
to produce cracks in heavy castings be¬ 
fore heat treatment. However, while 
heavy sections are a greater problem in 
production they are an asset as a base tor 
welding. The large mass of cold metal 
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quickly cools a welded area and tends to 
reduce possible damaging effects of the 
welding heat on austenitic steels. 

The relatively high heat-treat tempera¬ 
ture together with the high carbon content 
combine to cause marked surface decarbu¬ 
rization and some loss of manganese. The 
skin thus may be partially martensitic 
(and magnetic) at times and usually is 
weaker than the underlying metal. Ten¬ 
sile deformation in service sometimes pro¬ 
duces numerous cracks in this inferior 
skin, which terminate when the very 
tough austenite of normal composition is 
reached. Service performance is not seri¬ 
ously affected unless critical fatigue con¬ 
ditions of very light sections are involved. 

Reheating 

Reheating of austenitic manganese steel 
parts in the field is much more serious 
than for ordinary structural steels. In¬ 
stead of the usual softening and increase 
of ductility, manganese steel will become 
embrittled if heated enough to induce 
partial transformation of the austenite. 
As a generalization, this alloy should 
never be heated above 500 °F. either by 
accident or design, unless the standard 
toughening treatment is to be applied 
later. Though welding is an exception to 
this rule, it is tolerable only when the 
damaging effect is kept to the practical 
minimum. 

Both time and temperature are involved, 
lower temperatures requiring longer for 
the impairment to develop. Composition 
also has an effect. Figure 2 is suggestive 
of the magnitude of the embrittlement. 
As large castings are sometimes mounted 
with a backing of molten zinc or lead, 
temperature should receive adequate at¬ 
tention in such cases. However, the most 
• 

important complication from this behavior 
arises during welding. The embrittlement 
demonstrated in Fig. 2 (see also Fig. 8) 
for a 48-hr. heating period can develop 
between 1000 and 1600°F. during the 
time intervals associated with welding. 
The standard toughening heat treatment 
(water quenching from above 1800°F.) 
will remove embrittlement caused by re¬ 
heating, but unfortunately it is seldom 
practical to do this in the field. 

Physical and Mechanical Properties 

The range of tensile properties produced 
in other alloy steels by heat treatment 
is developed approximately in manganese 


steel by work hardening. Manganese 
steel probably has no equal in its ability 
to work harden, exceeding even the aus¬ 
tenitic stainless steels in this respect. 
From an initial Brinell hardness of below 
200, deformation will raise the hardness 
to a maximum of about 550 Bhn., with an 
associated increase in yield and ultimate 
strength. Representative conventional ten¬ 
sile properties appear in Table 1, but the 
merit of manganese steel is better shown 
by the true stress at fracture, which is 
around 200,000 psi. for the standard grade. 
This value is attained because of the work 
hardening during tensile deformation, 
which absorbs much energy in the process. 

Work hardening is usually induced by 
impact, such as from hammer blows. 
Light blows, even if of high velocity, will 
cause shallow deformation and hardening, 
although it may be locally intense. Heavy 
impact produces deeper hardening, usu¬ 
ally with lower maximum values. The 
course of flow under impact and the as¬ 
sociated rise in hardness are shown in 
Fig. 3. Heat A has 1.17% C, 12.8% Mn 
and 0.46% Si and was heated to 1850°F. 
and water quenched. Heat B, an air¬ 
hardening steel, has 0.74% C, 0.88% Mn, 
0.30% Si, 0.75% Ni, 1.40% Cr and 0.38% 
Mo and was heated to 1650° F., air cooled, 
then reheated to 1200°F., and cooled in 
air. 

The low yield strength range is signifi¬ 
cant, and will militate against selection 
of this alloy where practically no deforma¬ 
tion is permissible, unless the usefulness of 
the parts in question can be restored by 
grinding. However, if deformation is im¬ 
material, the low yield values may be 
considered temporary; that is, deforma¬ 
tion will produce a higher yield strength 
through work hardening. 

Tensile strength and ductility are af¬ 
fected somewhat by composition, as out¬ 
lined above, by heat treatment and con¬ 
siderably by grain size, the finer grain 
specimens exhibiting as much as 30% 
greater strength and elongation. It should 
be noted that the values sometimes quoted 
for cast bars may reflect the effect of 
internal defects such as shrinkage cavities. 

1 lie data herein refer to sound specimens. 
Aside from the minor influence of direc¬ 
tional properties, the chief difference be¬ 
tween cast and wrought manganese steel 
stems from the grain size effect. 

The hardness of about 200 Bhn. after 
toughening has little significance for esti- 
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mating machinability or wear resistance. 
It will increase so rapidly from deforma¬ 
tion that austenitic manganese steel must 
be evaluated on a distinctive basis. 

Notch bar impact test values are very 
high (see Table 1). Charpy test speci- 


gressive failures, permitting periodic ob¬ 
servation of fatigue cracks, for example, 
and removal from service before complete 
failure occurs. This is a distinct advan¬ 
tage for railroad track work. 

The low yield strength of austenitic 


Table 1—Properties of Hadfield’s Austenitic Manganese Steel 


(a) Chemical Composition 


,-Composition, % 

Type Form C Mn Si 


Std. 

Cast 1 in. 
diain. 

1.0 -1.4 

1 

c 

0.2-1.0 

Std. 

Rolled 1 in. 
diam. 

1.1 -1.4 

11 -14 

0.2-0.6 

Ni-Mn 

Cast 1 in. 
diam. 

0.59-0.91 

12.4-14.3 

0.48-0.90 

Ni-Mn 

Cast 1 in. 
diain. 

1.10-1.17 

12.5-12.7 

• • • 

Ni-Mn 

Rolled 1 in. 
diam. 

1.1 -1.4 

10 -14 

0.2-0.6 


Ni 


3.4 -3.6 
3.1 -3.6 
3.25-3.75 




(b) Mechanical Properties 




Type 

Yield 

Strength, 

Psi. 

Tensile 

Strength, 

Psi. 

Elonga¬ 

tion, 

% 

Reduc¬ 
tion of 
Area, % 

Hardness, 

BHN 

Vee-Notch Impact, 
ft.-lb. 

Izod Charpy 

Std. a 

50,000- 

57,000 

100,GOO- 
145,000 

30-65 

30-40 

185-210 

100 

90-220 

0 

Std ° 

50,000- 

60,000 

131,GOO- 
142,000 

40-60 

35-50 

170-200 

• • • 

90-150 

Ni-Mn a 

42,000- 

50,000 

93,000- 

132,000 

40-65 

40-89 

140-180 

• • • 

95-106 

Ni-Nn a 

t • • t 

113,000- 

140.000 

44-70 

35-45 

150-170 

• • • 

105 

Ni-Mn 

a Toughened by 

50,000- 130,000- 

63,000 155,000 

water quenching. 

48-72 

40-60 

165-195 

• # • 

90-150 


(c) Physical Properties (All Types) 


Work Hardening Capacity: From 170-200 Bhn. to 450-550 Bhn. 

Specific Gravity: 7.9. 

Density: 0.28G lb./cu. in. = 493 lb./cu. ft. 

Melting Point: 2450°F. 

Thermal Conductivity: 2.31 vs. copper at 100. 

Electrical Resistivity: 70 microhms/cm. cube or about 7 times that of pure iron. 

Electrical Conductivity: 0.0143 Megmhos per cm. cube. 

Specific Heat (thermal capacity): 0.145 g. cal./gm./°C. __ , r, /hr /°F 

Thermal Conductivity (0.8% C, 3% Ni): 0.031 cal./cm.*/cm./sec./°C. = 90 Btu./sq. ft./in./hr./ 

Magnetic Permeability: 1.003-1.03 (H = 24). 

Magnetic Permeability (without surface preparation): 1.30 =*=. 

Wet Quartz Sand Abrasion Factor: 0.75-0.85 (vs. SAE 1020 as 1.00). 

Thermal Expansion Coefficients, In. per In. per °F.: 

Average 

100-300°F. 0.0000102 

100-500° F. 0.0000113 

100-700°F. 0.0000119 _ 


mens are sometimes bent and dragged 
through the machine rather than frac¬ 
tured. Like tensile properties, impact re¬ 
sistance is influenced by grain size and 
heat treatment. The alloy remains tough 
at subzero temperatures. 

Resistance to crack propagation is high. 
This is associated with very sluggish pro¬ 


manganese steels is sometimes a disad¬ 
vantage. Plastic deformation from im¬ 
pact, as in railway frogs and crossings, 
raises it to more flow resistant levels, but 
the associated change in dimensions is 
undesirable. In track work low spots 
develop at critically pounded location , 
resulting in a bumpy roadway and eventu- 
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ally requiring rebuilding with weld de¬ 
posits. Flow resistance and yield strength 
are intimately related, and a number of 
methods for increasing them have there¬ 
fore been developed. Alloy additions and 
preservice hardening may be employed, 
the latter being more successful. 

Wear Resistance 

While 12% Mn steel is unquestionably 
the best metal for resisting certain types 
of Wear, it is not universally applicable. 


is so clearly superior to other metals that 
its performance is attributed to the surface 
hardening. Even without cold work it 
will frequently outwear chilled cast iron 
or pearlitic white cast iron and sometimes 
is only moderately less wear resistant than 
steels hardened by heat treatment. 

Metallography 

With its behavior of toughening after a 
water quench and embrittling after a 
tempering heat treatment, manganese steel 



0 2000 4000 6000 8000 


total impact-ft. lbs. (by 500 ft. lb. blows) 

Fig. 3.—Plaatic Flow and Work-Hardening Characteristics of 
Austenitic Manganese Steel Linder Repeated Impact 


The determining factor in its selection 
for abrasive service should be toughness, 
not abrasion resistance. If impact or 
shock are absent, as in a pipe carrying 
sand-laden water, a martensitic cast iron 
is a much better choice. If light or 
moderate impact is involved the specifica¬ 
tion of a hardened steel may be justified, 
but requires careful judgment in sacrific¬ 
ing toughness for abrasion resistance. If 
heavy impact is expected or a large safety 
factor is required, Hadfield’s steel is the 
logical alloy, the large annual tonnage go¬ 
ing chiefly into such applications. 

It is sometimes believed that manganese 
steel has poor wear resistance if it has not 
been work hardened. This is not a valid 
generalization. It has probably developed 
because where much impact and attendant 
work hardening are present 12% Mn steel 


appears as a paradox in contrast with 
conventional steels. However, an under¬ 
standing of its sluggish transformation 
tendencies and their dependence on tem¬ 
perature indicates that the difference is 
more apparent than real. Above the Ann 
line (Fig. 1) it becomes completely aus¬ 
tenitic. The austenite is not homogeneous 
in cast material as composition gradients 
result from the dendritic pattern of solidi¬ 
fication. 

Quenching, as with other steels, tends 
to suppress austenite transformation, with 
the difference that the critical cooling 
velocity is quite low below the austenite 
ami carbide field. (Grain boundary car¬ 
bide precipitation between Acm and A x 
is the primary cause of impaired proper¬ 
ties associated with slow cooling.) Iso¬ 
thermal transformation between 600° F. 


678 


METALS 


and Ai will develop acicular or pearlitic 
structures, which appear slowly and re¬ 
quire very long times for complete re¬ 
placement of the austenite. As with 
mixed structures in other steels, the me¬ 
chanical properties of partially trans¬ 
formed austenite are poor. They are par¬ 
ticularly low when carbides or other 
brittle constituents form as large flat 
plates parallel to crystallographic planes. 
They are also low when pearlite, which 
seems to nucleate most rapidly at grain 
boundaries, develops in sufficient quan¬ 
tity to form an envelope around each 
grain. These structures account for the 
low ductility and reduced strength of the 
alloy after reheating. 


tion, the fine lines showing transformation 
or work hardening. Figure 7 shows the 
structure of a previously toughened steel 
that has been partially transformed and 
embrittled by heating for 6 min. at 
1100°F,; Fig 8 shows the embrittlement 
produced by heating for 48 hr. at 800 °F. 
In this last case the tensile strength 
dropped from about 139,500 to 95,000 psi. 
and the elongation in 2 in. from 47.5% 
to zero. Figure 9 shows the structure at 
the junction of a weld and casting. The 
weld deposit is of nickel-manganese steel 
and the casting of standard manganese 
steel. The parallel slip lines in both the 
weld and base metal are the result of de¬ 
formation from peening the weld. The 



100 X 

Fig. 4.—Manganese Steel As Cast 



100 X 


Fig. 3.—Austenitic Manganese Steel After 

Proper Heat Treatment 


Some hardening is associated with re¬ 
heating transformations. Hardening from 
pounding, which also involves transforma¬ 
tion or carbide precipitation, is much more 
intense, however, and causes no sudden 
embrittlement, there being a gradual ex¬ 
change of toughness for hardness. 

Typical photomicrographs of austenitic 
manganese steels are shown in Figs. 4 to 
8. The structure in Fig. 4 is as-cast and 
is as brittle as cast iron. The structure 
shown in Fig. 5 is composed entirely of 
austenite except for a few harmless in¬ 
clusions and was produced by a toughen¬ 
ing heat treatment. Figure 6 shows 
toughened manganese steel after deforma- 


heavy grain boundaries are planes of 
weakness which have resulted from car¬ 
bide precipitation induced by the heat of 
welding; the weld metal, because of its 
low carbon content, is relatively free from 
such precipitation. 


:kel-Manganese Steels 

Jickel additions to the standard grade 
manganese steel produce no apparent 
nge in yield strength but with the low- 
bon nickel-manganese steels used for 
ding there is a distinct trend toward 
her tensile elongation and a lower 
Id strength. Quenching rate is perhaps 
5 critical, but quenching is still desira- 
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ble to obtain the maximum toughness. 
Such nickel additions stabilize the lower 
carbon types and, therefore, permit some 
control of the martensitic skin which may 
form during heat treatment. 


the straight 12% Mn steels with low car¬ 
bon, a group of steels with 0.60 to 0.90% 
C and about 3% Ni has become popular 
for welding rod, for wrought products 
and occasionally for castings. Representa- 


Fig. 6.—Work Hardened Manganese Steel 

100 X 


Fig. 8.—Embrittlement Produced by 
Heating for 48 Hr. at 800° F. 



Fig. 9.—Juncture of Weld Metal 

Casting 


Embrittlement Produced by Heating 
for 6 Min. at 1100° F. 


A lower carbon content is much more 
effective in conferring toughness without 
quenching, and as added nickel seems to 
prevent the lower intrinsic toughness of 


live properties appear in Table 2. Thi 
alloy exhibits greater resistance to em 
brittlement from reheating up to 800°F 
than the standard grade. 
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HOW TO WELD 

Only arc welding is recommended for 
welding austenitic manganese steel. The 
rapid loss of tensile strength and duc¬ 
tility which result from reheating tough¬ 
ened manganese steel, makes oxy-acetylene 
welding inadvisable because of the com¬ 
paratively longer periods involved. Ther¬ 
mit welding with its characteristically 
slow cooling rate is generally not prac¬ 
ticed unless subsequent heat treatment is 
practicable. Data regarding carbon arc 
and resistance welding are lacking, proba¬ 
bly, in the case of resistance welding, 
because most welding of manganese steel 
is carried out in the field, where resistance 
welding operations are generally not feasi¬ 
ble. 


5. Composite electrodes with high 
manganese filler, with or without nickel, 
in a low-carbon steel tube. 

Bare electrodes are commonly used 
where a high buildup is required or where 
slag removal is not practicable. 

The best electrodes are those that con¬ 
tain the essential elements in a homogene¬ 
ous core wire, either bare or with a cover¬ 
ing that makes essential contributions to 
welding behavior, but not to deposit com¬ 
position. Erratic performance may some¬ 
times occur with use of composite elec¬ 
trodes since the brief interval during 
which the weld is molten is not conducive 
to proper mixing and alloying of the es¬ 
sential ingredients. 

Ordinary steels should not be employed 
as electrodes, as the product of fusion will 


Table 2—Mechanical Test Properties of an Austenitic Nickel-Manganese Steel 

(Cast 1-In. Diam. Bars) 


Chemical Analysis 

C, % Mn, % Si, % Ni, % 

0.84 12.45 0.48 3.46 


Tensile Properties After Toughening by Water Quenching from Above 1800°F. 


Grain 

Size 

Coarse 

Fine 


Yield 

Strength, Psi. 

44,500 

45,700 

Ultimate 
Strength, Psi. 

106,250 

121,750 

Elongation 
in 2-In., % 

49.5 

60.0 

Reduction 
of Area, % 

41.2 

41.5 

Hardness, 

Bhn. 

174 

174 



Tensile Properties After Reheating the Toughened Steel 


-Reheating- 

Temp., Time, 

°F. Hr. 

500 48 

600 48 

700 48 

800 48 

500 48 

600 48 

700 48 

800 48 

Grain 

Size 

Coarse 

Coarse 

Coarse 

Coarse 

Fine 

Fine 

Fine 

Fine 

Ultimate 

.Strength, 

Psi. 

106.250 

106.500 

105.750 

105.250 

123.750 
125,000 

125.500 
127,000 

Elongation 
in 2-In., 

% 

49.0 

50.0 

53.0 

47.5 

62.5 

63.5 

61.0 

65.0 

Reduction 
of Area, 

% 

39.4 

42.7 

37.8 

41.5 

40.3 

39.7 

40.0 

42.1 

Hardness, 

Bhn. 

177 

174 

165 

174 

174 

174 

172 

179 


Notched Bar Impact Toughness 


Machine-Ground Vee-Notch Charpy Specimens 
Energy Absorbed in Ft.-Lb. 

At room temperature. 94-106 

At 100° F. below zero. 74- 84 


Arc welding electrodes of the following 
types are commercially available: 

1. Bare Electrodes (3% Ni-14% 
Mn). 

2. Covered Electrodes (3% Ni—14% 
Mn). 

3. Covered Austenitic Stainless 
Steels (see Chapter 38). 

4. Electrodes of low-carbon steel 
with high manganese coverings. 


be a diluted manganese steel with poor 

mechanical properties. 

Chromium-nickel stainless steels may be 

used to advantage in some cases as dis¬ 
cussed later, but their expense is not ordi¬ 
narily justified, and the welds will not be 
similar to the base metal in several 

properties. . - 

In the previous section the properties o 

low-carbon nickel-manganese steel were 
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outlined. This is the recommended elec¬ 
trode material, although other elements, 
such as molybdenum, may be substituted 
for nickel with satisfactory results. 

If manganese steel is deposited on car¬ 
bon or low-alloy steel, the transition zone 
will ordinarily be too low in manganese 
and will develop a martensitic structure 
which, because of brittleness, can permit 
spalling of the weld deposit. If carbon 
steel must be joined to manganese steel 
to form a structural member, a layer of 
austenitic stainless steel should be used to 
separate the carbon steel and manganese 
steel as the dilution products thereby 
formed are not associated with the in¬ 
ferior properties mentioned above. Like¬ 
wise, the use of a wear-resistant manga¬ 
nese steel overlay on carbon or low-alloy 
steel is not recommended, an air-harden¬ 
ing steel or alloy cast iron usually being 
more satisfactory. 

The direct application of a surfacing 
material to manganese steel is both prac¬ 
ticable and economical and is indicated 
where localized abrasion resistance and 
the inherent toughness of manganese steel 
are required. Such composite structures 
should follow the principle of having the 
base metal as the tougher of the two. 

Welding Procedure 

Arc welding procedure should be based 
upon: 

(a) Welding only on sound, clean, 
un-work-hardened base metal that has 
been properly heat treated. 

( b) Minimum heating of the base 
metal. 

{c) Minimum mixing of deposited 
and base metal. 

( d ) Minimum thermal stresses in 
the weld deposit. 

It should be remembered that castings, 
the most common form in which manga¬ 
nese steel is used, may contain gas cavities, 
spongy arras of shrinkage porosity, or 
entrapped sand. Any of these may be re¬ 
sponsible for a fracture that will require 
repair by welding. If so, it should be 
removed before proceeding, as a satis¬ 
factory weld rarely results if the defect 
is directly covered over with weld metal. 

During reheating, work-hardened steel 
embrittles more rapidly than the .non- 
worked metal; for this reason, hardened 
metal should be removed by oxygen cut¬ 
ting and/or grinding. In the field a 


center punch mark produces a convenient 
test, grinding being continued until a 
deep indentation is readily produced. 

The use of an ordinary hand magnet 
to distinguish between carbon steel and 
manganese steel provides a quick and re¬ 
liable tool for field use. The hand magnet 
can also be used to determine whether 
manganese steel has been properly heat 
treated. If a weak magnetic attraction 
still persists after removing the surface 
layer by grinding, the piece has been 
either improperly heat treated or has 
been reheated in such a manner as to 
produce embrittlement. In this case it is 
better, if at all possible, to reheat treat 
the manganese steel part before attempt¬ 
ing to weld. 

Only limited base metal heating can be 
tolerated if the heat embrittled zone is to 
be kept at a minimum. Factors within the 
control of the welder to reduce base metal 
heating are short welding periods, short 
arc length, lowest possible current and the 
use of the smallest diameter electrode 
consistent with the thickness of the section 
being welded. 

Minimum mixing of base metal with 
molten weld metal reduces the tendency 
to add more carbon from the base metal 
to the weld deposit than is desirable for 
toughness. Excessive mixing is, of course, 
also indicative of too much heat, with its 
embrittling tendencies. 

Thermal stresses develop as the weld 
deposit contracts during cooling. With 
expansion coefficients about 30% greater 
than those of mild steels, and with a low 
thermal conductivity that tends to localize 
heating very sharply, the austenitic man¬ 
ganese steels characteristically develop 
high local stresses. Manganese steel has 
high ductility when strained in one direc¬ 
tion, where the stretching of metal in this 
direction is compensated by the reduction 
in area in another direction. However, 
the two- and three-dimensional stresses 
that occur in weld deposits can and fre¬ 
quently do cause failure with no apparent 
ductility. The stress system is chiefly 
responsible, and the easiest remedy lies 
in the modification of the stresses. These 
are tensile stresses in a weld bead, but 
they may be changed to compressive 
stresses by peening the deposit. Such 
peening flows the outer surface and the 
deformation relieves the tension that 
would otherwise cause cracks. 

Both bare and covered electrodes are 
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used for welding within the approximate 
current ranges shown in Table 3: 


Table 3—Suitable Current Values for Nickel- 
Manganese Steel Welding Electrodes 


Bare Electrodes-' ✓—Covered Electrodes—• 


Electrode 

Diatn., 

In. 

D.C. 

Reverse 

Polarity, 

Amp, 

D.C. 

Reverse 

Polarity, 

Amp. 

A.C., 

Amp. 

Vs 

80-100 

75-105 

80-110 

V« 

90-125 

85-130 

90-135 

•/>« 

110-150 

100-155 

110-160 

>/4 

135-160 

110-170 

135-175 


Oxygen cutting of manganese steel 
parts is practiced extensively in the field 
for joint preparation of manganese steel 
parts, and also in general fabrication work. 
Although oxy-acetylene welding usually 
produces a wide zone of embrittlement 
through a prolonged heating period, oxy¬ 
gen cutting, because of the rapid applica¬ 
tion of heat, usually does not produce 
enough embrittlement to cause difficulty. 

Recommended Welding Techniques 

To illustrate the general procedures and 
cautions outlined in the previous section, 
detailed welding techniques for a few of 
the more commonly encountered field ap¬ 
plications are outlined below : 

Depositing a Manganese Steel Weld 
Bead .—Before welding, the surface should 
be ground or wire brushed to remove all 
dirt and scale. Using the proper weld¬ 
ing current (from Table 3) the electrode 
is gripped at a point about halfway along 
its length and the arc is struck. The elec¬ 
trode should be deposited using a weav¬ 
ing technique with the electrode held at 
about a 45-deg. angle in the direction of 
welding. The width of weave should be 
two to three times the diameter of the 
electrode and the arc length approximately 
equal to the electrode diameter (see Fig. 
10 ). 

A crescent weave permits the deposited 
metal to remain molten for a longer time 
than with the conventional weave used for 
welding mild steel. Gas which might 
otherwise be entrapped can readily escape 
from the molten pool and the resulting 
heavy bead serves to reduce the danger of 
cracks which sometimes occur because of 
improper welding technique. 

Welding is stopped by drawing the 
electrode back into the weld deposit and 
breaking the arc after about one half of 
an electrode has been deposited. Care 


must be taken to fill the crater to the full 
weld size before breaking the arc to avoid 
crater cracks. Immediately after weld¬ 
ing is stopped, the crater should be peened; 
then the entire weld is peened proceeding 
in the direction of welding from the start 
to the end of the weld. 

A pneumatic hammer is preferred for 
peening, but if this is not available, a ma¬ 
chinist’s ball peen hammer may be used. 
Another alternative is to use an ordinary 
chisel with the cutting edge rounded off 
to the desired radius. This is sometimes 
advantageous in that the root pass of a 
deep single-vee weld can be reached, 
whereas a ball peen hammer is usually 
ineffective in such locations. 

After peening, the arc is restruck ahead 
of the crater and then drawn back to 
where the crater begins as shown in Fig. 
10, so that a smooth continuous bead is 
obtained without cracks at the restarting 
point. 

Welding should not be started again if 
the base metal temperature at a distance 
of V* in. from the weld is above 400 to 
500 °F. 



F ig> 10.—Technique for Filling Crater in De 
positing Manganese Steel Weld Bead 


Repairing Cracks .—Cracks may some¬ 
times occur in manganese steel parts sub¬ 
jected to long and abusive service. In 
many cases the service life of these parts 
can be prolonged substantially by repair 
welding of the cracks using the follow¬ 
ing procedure. . 

A typical crack is shown in rig. 
11 (a). A hole is burned at the end of 
the crack with an oxygen-cutting torch 
as shown in Fig. 11 (b). This prevents 
further propagation of the crack under 
stresses imposed by subsequent vvelding. 
A single-U groove, as shown in Fig. 
11 (c), is then gouged out to a depth equal 
to two-thirds the thickness of the section, 
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care being taken to avoid overheating of 
the base metal. The width of the groove 
at the top should be about equal to its 
depth. (An alternative joint preparation 
is shown in Fig 11 (d).) The surfaces 
are then ground or wire-brushed to re¬ 
move any oxides, dirt, scale, etc. 




ing at the beginning of the weld and pro¬ 
gressing in the direction of welding. The 
first 2 to 3-in. section (point 2) is built 
up completely by successive passes, each 
pass being peened before depositing the 
next successive pass. Additional 3-in. 
sections are then built up as shown by 


\ / 



(d) Alternate joint preparation. 



( e ) Welding sequence. 



(g) initial joint preparation. 


Fig. 11.—Repair of Cracks in Manganese Steel Part 


Welding is started at point 1 (Fig. 
11 ( b )) and a heavy root bead, about 2 
to 3 in. long deposited before the arc is 
broken. The crater is peened first and 
then the entire weld bead is peened start- 


points 2 and 3 in Fig. 11 (b) in the same 
manner as just described. 

A single-U groove is then gouged out 
on the other side to a depth equal to one- 
third the thickness of the section as shown 
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in Fig 11(c) (bottom). This groove is 
then welded up by a series of short beads 
following the procedure previously de¬ 
scribed for depositing a manganese steel 
weld bead. It is not necessary to build up 
each 3-in. section completely as on the first 
side before proceeding with adjacent 3-in. 
sections. After the crack is completely 
welded, the hole made before welding is 
rewelded (see Fig. 11 (c)). 

The procedure for repairing internal 
cracks, as illustrated in Fig. 11 (/) fol¬ 
lows, for the most part, the procedure de¬ 
scribed above, the difference being that 
two holes are cut to prevent crack propa¬ 
gation and a slightly different welding 
sequence is used as shown in Fig. 11 (g ). 


Repointing of these teeth, through the 
use of commercially available repointer 
bars has come to be a reliable and quick 
means of obtaining increased service life. 
These bars can be obtained in a wide 
variety of shapes and sizes in the form of 
cast or rolled bars, and can be oxygen 
cut to the required width in the field. 
They are attached by welding as follows: 

A worn tooth is shown in Fig. 12 (a). 
A beveled edge is oxygen cut on the worn 
tooth as shown in Fig. 12(6). This 
serves to remove the work-hardened zone, 
on which welding should not generally be 
attempted. 

The size and shape of the repointer bar 
are determined by measuring dimensions 



(b) Preparation of tooth and selection 

of - repointer bar. 



Re pointing Worn Dipper Teeth .—Teeth 
on power shovel dippers, drag line 
buckets, clamshell buckets, trencher 
buckets, scarifiers and similar equipment 
sometimes wear rapidly where impact and 
severe abrasive conditions exist together. 


A and B shown in Fig. 12 (6). This can 
be done by laying electrodes or straight 
edges along both faces of the worn tooth. 
The point of intersection of the two elec¬ 
trodes or straight edges will immediately 
indicate the shape of the repointer bar 
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required and will provide a reference 
point for measurements to determine the 
size bar required. With these factors as 
a guide, selection may be made from 
several available styles depending princi¬ 
pally on whether a blunt or sharp-pointed 
tooth is needed. 

Having selected a repointer bar it is 
oxygen cut to the width of the tooth as 
shown at point C in Fig. 12 (b). It is 
then tack welded to the worn tooth on 
both sides, the bar being offset from the 
tooth as shown in Fig. 12 ( c ), leaving a 
root opening about equal to the diameter 
of electrode being used. 


greatest amount of wear may be surfaced 
to prolong the life of the tooth. The re¬ 
pointed tooth is shown in Fig. 12 ( e ). 

The teeth and lip of a dipper for use 
in an iron ore mine, as surfaced for better 
abrasion resistance, are shown in Fig. 13. 

COMMON APPLICATIONS 

The important applications of austenitic 
manganese steel are in the industries of 
construction, mining, quarrying, oil-well 
drilling, manufacturing of steel, railroad¬ 
ing, manufacturing of cement and clay 
products, dredging and lumbering. This 



Fig. 13.—Dipp«r Taath and Lip Surfaced with Abrasion Resistant Alloy 


Welding is started as shown in big 
12(d), following the procedure previ¬ 
ously described. When the center-line of 
the repointer bar is drawn into line with 
the center-line of the tooth by the welding, 
the tooth is reversed and welding started 
from the opposite side following the weld¬ 
ing sequence shown in Fig. 12 ( d ) until 
each side is reinforced by the same amount 
of weld metal. Welding is continued al¬ 
ternately on each face until the joint is 
completed after which the tooth is turned 
on its side and several beads are deposited. 
The same operation is performed on the 
remaining side, taking care in each in¬ 
stance to see that the ends of all weld 
beads are tied together After welding 
i> completed, the two faces subject to the 


steel serves chiefly as parts in equipment 
for handling materials, rock crushers, 
grinding mills, dredge buckets, power- 
shovel buckets and teeth, pumps for han¬ 
dling gravel and rocks and in a multitude 
of associated applications. An important 
use is in railroad track work, such as 
frogs, switches and crossings, where the 
multiple impacts at intersections are es¬ 
pecially severe. Austenitic manganese 
steel resists metal-to-metal wear; there¬ 
fore, it may be used in sprockets, pinions, 
gears, wheels, conveyor chain and various 
wearing plates, shoes or other contact 
members. Nonmagnetic parts, required 
for lifting-magnets, for induction furnaces 
and special electrical equipment, repre¬ 
sent an expanding field of usefulness. 
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CHAPTER 32 


ALUMINUM AND ALUMINUM ALLOYS* 


GENERAL PROPERTIES 

Most of the commercial welding 
processes have been adapted to joining 
aluminum and aluminum alloys. Correct 
application of these processes involves an 
understanding of the technique required 
to produce good results. Economical de¬ 
sign of welded parts requires some 
knowledge of the physical and metallur¬ 
gical properties of the materials. This 
chapter proposes to outline the essential 
characteristics of equipment and tech¬ 
nique required to make welds and to 
incorporate some established design and 
constructional details. 

Mechanical and Physical Properties 

Considering first the materials which 
are of importance from the welding 
standpoint, aluminum alloys can be di¬ 
vided into two categories—wrought and 
cast. The mechanical properties of the 
wrought materials are shown in 1 able 
1, of aluminum sand castings in Table 2 
and permanent mold castings in Table 3. 
The nominal composition of these mate¬ 
rials is shown in Table 4. Other physical 
properties which are useful when con¬ 
sidering welding procedure or design are 
shown in Tables 5 and 6. These tables 
do not show all of the aluminum alloys 
as many special-purpose materials have 
been developed. It is suggested that the 
supplier be consulted for information on 
the weldability of alloys other than those 
shown. By similarity in composition, 
mechanical and physical properties, it is 
frequently possible to find listed in the 
tables materials having welding charac¬ 
teristics comparable to those of alloys not 
listed. 

* Prepared by a committee consisting of G. O. 
Hoglund, Aluminum Company of America, 
Chairman: A. G. Bissell, Bureau of Ships; 
). Chyle, A. O. Smith Corp.; F. E. McAtee, 
hicago Bridge and Iron Co ; G. Perkins, 
Reynolds Metals Co.; D. W. Smith, Permanente 
Metals Corp ; F. .1. Winsor, Standard Oil Co. 
of Indiana. 


Commercial Forms and Tempers .— 
Aluminum alloys are produced in many 
forms. Wrought alloys in the form of 
sheet and plate, tubing, extruded shapes 
and forgings have similar welding char¬ 
acteristics regardless of the form. 
Aluminum alloys arc also produced as 
castings in the form of sand, permanent 
mold or die castings. Both sand and 
permanent mold castings are welded in 
the foundry to effect minor repairs and 
in combination with most of the wrought 
forms. Substantially the same welding 
practices are used on both cast and 
wrought metal. Those special practices 
of advantage on cast parts will be de¬ 
scribed iti more detail later. Die cast¬ 
ings have not been widely used where 
welded construction is required. A 
limited use has been made of flash weld¬ 
ing but other welding processes have not 
been developed for die cast parts. Special 
aluminum products, such as foil or wire, 
are welded using practices specially 
adapted to thin sections. 

Metallurgical Effects of Welding 

An understanding of the metallurgical 
effects of welding aluminum and alumi¬ 
num alloys requires some basic knowl¬ 
edge of the properties and structures. 
There arc two broad classifications of 
aluminum alloys, i.e., nonheat-treatable 
and beat-treatable. Strengths of pure 
aluminum and the nonheat-treatable al¬ 
loys are developed by strain-hardening 
and by alloying elements which effect 
some increases in strengths either as dis¬ 
persed phases or solid solutes in the 
aluminum. Manganese is the principal 
dispersoid type alloying element and al¬ 
loy 3S the chief example. Magnesium 
is the principal soluble alloying element 
in the nonheat-treatable class of alumi¬ 
num alloys, with 4S and 52S the chief 
examples. In the annealed or soft temper 
f-O) the composition of the alloy wholly 
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controls the strengths while in the strain- 
hardened or (-H) series of tempers the 
degree of strain-hardening is the con¬ 
trolling factor. 

The alloying elements in heat-treatable 
aluminum alloys are dissolved in the 
aluminum at a high temperature by the 
process commonly known as solution 
heat treatment and maintained in solid 
solution by quenching from this tempera¬ 
ture. The solution of specific elements 
or compounds in aluminum governs the 
strengths of these alloys in the as- 
quenched temper. Additional increases 
in strengths are effected by precipitation 
of a portion of the soluble elements in 
finely divided form. Precipitation may 
take place at room temperature following 
quenching or may be accelerated by a 
thermal treatment at a moderately ele¬ 
vated temperature (usually in the range 
210 to 350°F.), producing the -T4 or 
-T6 tempers, respectively. Alloys sus¬ 
ceptible to either of these precipitation 
treatments are designated as age-harden- 
able. Strengths may also be increased 
by strain-hardening after heat treatment 
which may or may not be followed by 
artificial aging. In the annealed or soft 
temper (-O) the composition of the al¬ 
loy wholly controls the strengths as in 
the case with the nonheat-treatable alloys. 

The heat-treatable alloys can be 
divided into classes containing the fol¬ 
lowing principal alloying elements: 


Element 
a —Mg and Si 

b —Cu and Mg, Cu, 
Mg and Si 
c —Zn, Mg and Cu 
d —Si 


Alloy Examples 

53S, 61S, 63S, R353 
and R361 

24S, 14S and Hard- 

clad R301 
75S 

43, 355 and 356 


The heat of welding decreases the 
strengths of both nonheat-treatable and 
heat-treatable aluminum alloys except 
when in the annealed or the as-cast con¬ 
dition and may in some cases also lower 
their resistance to corrosion. The effects 
of strain-hardening in the nonheat-treat¬ 
able class are partially or wholly de¬ 
stroyed by heat, depending upon the tem¬ 
perature attained coupled with the time 
maintained at temperatures of about 
400 °F. or more. The effects of solution 
heat treatment and precipitation treat¬ 
ments for the heat-treatable aluminum 
alloys are adversely affected by the heat 
of welding. The extent of the detri¬ 
mental effect increases with temperature 


and time at temperatures over 400 °F 
The alloys containing substantial amounts 
of copper suffer not only from loss of 
strength but also from loss in resistance 
to corrosion when subjected to the heat 
of welding. 

The factors determining the heat of 
welding are multiple; however, two of the 
controlling conditions in welding are (1) 
the melting point of the base material and 
(2) the melting point of the filler metal. 
The exact thermal cycle through which 
the materials progress or the rate of heat¬ 
ing and cooling is determined mainly by 
(1) the welding process, (2) the thick¬ 
ness of the part and (3) the geometry of 
the joint. 

In welded joints there are always two 
types of material to be considered; i.e., 
the weld metal or deposit which has a 
cast structure and the base metal which 
may be wrought or cast. The mechani¬ 
cal properties of cast aluminum in the 
weld zone are influenced by the composi¬ 
tion and the rate of solidification. In 
general, for a given aluminum alloy, cast 
metal is neither as strong nor as ductile as 
wrought metal. 

When filler metal is used, the weld de¬ 
posit is an alloy formed from a mixture 
of the filler metal with the base metal. 
The extent of fusion and intermixing of 
the base metal and added weld metal, in 
multiple-pass welds, is a function of the 
filler metal, plus the welding procedure. 
A high rate of cooling is usually desir¬ 
able for attainment of maximum strength. 

Alloys do not solidify at a fixed tem¬ 
perature but over a range as shown in 
Tables 5 and 6. Solidification begins at 
the liquidus and is complete at the solidus 
with a resultant mixture of solid and 
liquid extending over what is called the 
mushy stage. It is preferable that filler 
metal have a low melting point and 
solidify over a temperature range. When 
the welding pool freezes, the filler metal 
solidifies last and the contraction stresses 
that are sometimes sufficient to cause 
cracking at the edge of the weld are 
taken up by the casting in the mushy 
state. The filler metal must have a high 
degree of fluidity, and have sufficient 
strength and ductility at elevated tem¬ 
peratures to withstand the stresses im¬ 
posed by the thermal and solidification 
contractions. Since the fusion zone is 
apt to be weak in welds of aluminum al¬ 
loys, the importance of the composition 
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and structure of these alloys must be 
recognized. 

The selection of filler metal is based 
on welding characteristics, such as fluid¬ 
ity and cracking tendency and on corro¬ 
sion or strength requirements. The al¬ 
loy 2S (commercially pure aluminum) is 
employed as filler metal when maximum 
resistance to corrosion and high ductility 
are of prime importance in the weldment. 
The alloy 43S is generally employed for 
greater strength and avoidance of crack¬ 
ing. Other aluminum alloy filler metals 
are employed on occasion for specific 
applications when the strength or resist¬ 
ance to corrosion requirements of the 
weldment are such that special procedures 
or welding technique must be employed. 


C. Solid solution 


D. Partially an¬ 
nealed and 
overaged 


E. Unaffected 


Region where heat from weld¬ 
ing is high enough to dis¬ 
solve soluble constituents 
which are partially retained 
in solid solution if cooling 
is sufficiently rapid. 

Region where heat from weld 
ing causes precipitation of 
soluble elements to the ex¬ 
tent that partial annealing 
occurs and region where 
precipitation associated with 
an overaged condition 
occurs. 

Region where heating does 
not affect the structure. 


A cross-section through the weld and 
base metal is shown in Fig. 1 with micro- 
structures of the various areas. 

The widths of these areas and their 
distances from the weld will vary with 
the welding process and the thickness or 
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Fi g . 1 .—Cross-Soction of Arc Wold in Hoat-Treatable Aluminum Alloy (14S-T6). 

( a /t Original Size) 


The efleet of welding upon the alu¬ 
minum base metal varies with the dis¬ 
tance from the weld and may be divided 
roughly into areas which reflect the tem¬ 
peratures attained by the metal. Ob¬ 
viously these areas or zones are not 
sharply defined as the heat distribution 
changes from point to point. For the 
heat-treatable alloys, five zones may exist 
as follows: 

Zone Description 

A. Weld metal Weld bead with as-cast struc¬ 

ture where base metal is 
alloyed with weld metal. 

B. Fusion zone Region where partial melting 

of base metal occurs at 
grain boundaries. 


geometry of the part. The strengths of 
the base metals may be fairly high in the 
solid solution area which is always quite 
narrow. The annealed area is broader— 
usually extending about four to six times 
the thickness of the material on each side 
of the joint—and the strength in these 
areas is considerably lower due to the 
precipitation of soluble constituents as 
coarse particles. The overaged zone is 
characterized by excess precipitation of 
finely divided particles. Strengths are 
somewhat lower than those of the un¬ 
affected zone at a greater distance from 
the weld. 
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The areas for the nonheat-treatable al¬ 
loys are usually limited to three as fol¬ 
lows : 


Zone 

A. Weld metal 


B. Annealed 


C. Unaffected 


Description 

Weld bead with as-cast struc¬ 
ture where base metal is 
alloyed with weld metal. 

Region where heat from weld¬ 
ing causes recrystallization 
or annealing. 

No change, original condition. 


A cross-section through the weld and 
base metal is shown in Fig. 2 with micro- 
structures of the various areas. 


ployed, takes place fairly uniformly in 
the form of finely divided particles. Thus 
the maximum strength and resistance to 
corrosion of the base plate are realized, 
with some sacrifice in ductility. The 
strength of the joint is dependent upon 
that of the cast material in the weld zone. 

The metallurgical effect when welding 
the heat-treatable cast alloys is similar to 
that described above for the wrought 
materials. Foundry welding to salvage 
cast parts by repairing defects is fre¬ 
quently required. In this case, welding 
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Fig. 2.—Cross Section of Arc Weld in Nonheat-Treatable Aluminum Alloy (3S). 

0/i Original Size) 


Gas welding usually affects a wider 
area than welding by the inert-gas metal- 
arc or shielded metal-arc welding proc¬ 
esses. 

Postheat treatment after welding is 
sometimes feasible for heat-treatable al¬ 
loys and results in a substantial increase 
in joint strength. The design and ge¬ 
ometry of the part determine the prac¬ 
ticability of such an operation. Heat 
treating after welding dissolves soluble 
constituents in the weld metal and the 
coarse and fine precipitated particles in 
the base plate. A more homogeneous 
condition results throughout both the 
cast and wrought materials. Quenching 
retains this solid solution condition while 
subsequent precipitation, at room tem¬ 
perature or at a moderately elevated tem¬ 
perature, when artificial aging is em- 


should be completed prior to heat treat¬ 
ment. The welding of cast to wrought 
parts as in the joining of cast fittings to 
tubing or tankage is also done. Some 
impairment of heat treatment in the cast¬ 
ing results from welding and this must be 
considered in arriving at the cross-sec¬ 
tions to carry the loads. It is not usually 
feasible to heat treat after welding cast¬ 
ings to wrought parts. 

HOW TO WELD 

General Use of Fluxes 

When welding the aluminum alloys by 
gas, metal-arc, carbon-arc or atomic hy¬ 
drogen welding and for all brazing proc¬ 
esses, a flux is used to remove or break up 
the oxide coating. All aluminum mate¬ 
rials are covered with an oxide coating 
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that varies in thickness, depending on the 
alloy and the conditions to which the parts 
have been exposed. Fluxes are used to 
break the oxide film so that it does not 
interfere with the deposition of filler 
metal or remain in the weld as an inclu¬ 
sion. 

For gas welding, atomic hydrogen 
welding or brazing, these fluxes are 
usually applied in a mixture of about 
7s flux to V 3 water by weight. The 
mixture is dipped, painted or sprayed on 
the parts and the welding rod. In auto¬ 
matic carbon arc welding where a flux 
feeder is usually employed, it is more 
convenient to use the flux in the form of 
a dry powder. 

Practically all aluminum welding fluxes 
contain chlorides and fluorides. Residual 
deposits on the joints after welding will, 
in the presence of moisture, attack the 
base metal. Thorough cleaning is neces¬ 
sary on parts that are to be painted as the 
paint will not adhere in the presence of 
flux. Several methods are used for this 
purpose, depending on the size and shape 
of the parts. If the part can be im¬ 
mersed immediately after welding and 
all surfaces are accessible, cleaning can 
be done with a fiber brush and boiling 
water. Large chemical tanks cannot be 
immersed conveniently and are cleaned 
by scrubbing the joints with a brush and 
a stream of fresh water and then rinsing. 

Parts such as airplane gasoline tanks, 
beer barrels, and other enclosed vessels 
usually have the joints located so that 
mechanical loosening of the flux deposit 
is not feasible. In these cases an acid dip 
is used, the part being immersed in dip 
tanks so that the acid contacts both the 
inside and the outside surfaces. Immer¬ 
sion in cold 10% sulfuric acid for 30 
min., or in 5% sulfuric acid held at 
150°F. for 5 to 10 min., is frequently used 
for flux removal. Immersion in cold 10% 
nitric acid for about 10 to 20 min. is 
also used. In all cases, the acid dip must 
be followed by rinsing in hot or cold 
water. A corrosion inhibitor in the form 
of 5% sodium or potassium dichromate 
is sometimes added to the rinse water 
and has a beneficial effect, particularly on 
gasoline tanks. Certain commercial 
cleaning systems have also been found 
satisfactory for the removal of flux. 

It is sometimes desirable to remove 
the welding flux and obtain a uniform 
etched finish in the same operation. This 


can be done by immersing the part for 10 
to 15 min., depending on the amount of 
etching that is desired, in a wood tank 
containing a solution of 10 % nitric acid* 
and 0.25% hydrofluoric acid.* The bath 
tank and the cold water tank should be 
constructed of wood (cypress preferred) 
caulked with an asphalt-base caulking 
compound, and painted inside and out¬ 
side with 4 or 5 coats of short-oil phenolic 
resin varnish or acid-resistant material. 
After draining the acid completely from 
the part, it should be immersed in cold 
water. This is followed by a hot water 
rinse in which the time of immersion 
should not exceed 3 min. to avoid stain¬ 
ing of the etched surface. 

The efficiency of the cleaning opera¬ 
tions can be checked with an acidified 
solution of 10% silver nitrate. This is 
done by applying a few drops of distilled 
water to the surface where the presence 
of welding flux is suspected. After a few 
moments, enough of the flux will go into 
solution in the water so that if a drop or 
two is collected and in turn dropped into 
the silver nitrate solution a white pre¬ 
cipitate will be formed if flux is present 
on the part. If the solution remains 
colorless, it can be assumed that clean¬ 
ing operations have been adequate. 

Filler Metal 

Welding Rods .—The proper choice of 
welding rods for gas welding is impor¬ 
tant, particularly when joining alloys with 
comparatively large amounts of alloy¬ 
ing constituent. Commercially pure 
aluminum and metal of higher purity are 
generally welded with the same grade of 
filler metal as the base metal. Commer¬ 
cially pure aluminum is also used for 
welding the aluminum-manganese alloy. 
In welding other wrought aluminum al¬ 
loys, a welding rod containing approxi¬ 
mately 5% silicon is generally used. This 
rod has a lower melting point than pure 
aluminum and permits the dissipation of 
some of the stress set up by solidification 
shrinkage and thermal contraction which 
occurs in the weld zone as it cools. 
Cracks in the weld and in the transition 
zone on parts that are welded in jigs can 
be minimized by using this type rod. 

In welding castings to wrought parts, 
the 5% silicon aluminum alloy rod is 
the most widely used filler material re^ 

# Commercial acids. 



692 


METALS 


gardless of the casting alloy. In weld¬ 
ing castings in the foundry to repair mis- 
runs or to build up sections locally, weld¬ 
ing rod of the same composition as the 
casting is used. 

Electrodes .—The standard electrode 
for shielded metal-arc welding aluminum 
is 5% silicon-aluminum alloy and is suit¬ 
able for general purposes. In a few 
cases where special exposure conditions 
exist, as for certain chemical equipment, 
it is necessary to use a core wire of the 
same composition as the base metal. For 
applications of this type, special elec¬ 
trodes are prepared from high purity 
metal or from the special alloy used for 
base metal. Such electrodes must usually 
be specially ordered as there is not suffi¬ 
cient general usefulness for these com¬ 
positions to permit stocking. (See 
Chapter 38 for more detailed information 
on aluminum filler metal.) 

Shop Practices 

The fabrication of welded aluminum 
tankage or structural parts is handled in 
the shop under the prevailing conditions 
that exist for fabricating other materials. 
Storing, handling or forming these 
materials does not require special prac¬ 
tices from the welding standpoint. Con¬ 
tamination of the aluminum parts with 
heavy metals such as copper or iron 
from tools used on these materials is 
sometimes important from the standpoint 
of resistance to corrosion and should be 
avoided. The weldability, however, is 
not affected. 

Finish 

It is necessary to finish the weld bead 
on some parts for reasons of sanitation or 
appearance. On equipment for handling 
food or chemicals where a smooth, easily 
cleaned surface is desired, butt welds are 
dressed by hammering. This is done by 
chipping the edge of the weld bead flush 
with the surface of the base metal, and 
then hammering the balance of the bead 
over a back-up block with blows heavy 
enough to work the metal through the 
entire cross-section. This practice differs 
somewhat from conventional peening 
used on welds in other metals, in that 
more than the surface of the weld is 
worked by the hammering. 

Fillet welds in tee and corner joints 
are finished by grinding. The tendency 
to load up the conventional grinding 


wheels with aluminum can be overcome 
by using felt base wheels. The grinding 
compound is applied by rolling the edge 
of the wheel in glue, followed by roll¬ 
ing in abrasive compound graded in fine¬ 
ness from 60 to 200, depending on the 
surface required on the finished part. 
Buffing and color buffing operations are 
performed on welds in the same manner 
as on the parent metal. 

Distortion 

Because the aluminum alloys have a 
relatively high coefficient of thermal ex¬ 
pansion compared to most weldable 
metals, it is important to minimize buck¬ 
ling and distortion from the welding heat 
by proper design and preparation of 
joints. On parts with flat sides, mini¬ 
mum distortion is obtained when the weld 
is located on an edge or a comer. De¬ 
signs with crowned surfaces are better 
than flat surfaces from this standpoint. 
The location of welded seams or fittings 
in flat areas should be avoided. For parts 
subjected to pressure, the most economi¬ 
cal design is the butt joint. This is true 
on cylindrical vessels even though mini¬ 
mum distortion is obtained if the heads 
are reversed and edge-welded in place. 

The use of cold packs in the form 
of water-soaked rags or carbon backings 
to control distortion is only of assistance 
in isolated cases when gas welding the 
aluminum alloys. Because of the thermal 
conductivity of the metal, heat is removed 
from the weld zone by the above expe¬ 
dient so rapidly as to accelerate the 
solidification of the molten metal. This 
rapid cooling must be balanced by an in¬ 
crease in the flame size, with a consequent 
tendency to produce distortion of the 
parts. 

In attaching manhole connections and 
fittings to tanks, it is desirable to flange 
the sidewalls and butt weld the fittings. 
In view of the ease of forming and the 
ductility of aluminum, this is generally 
not difficult. Typical practices for attach¬ 
ing fittings are shown in Figs. 3 and 4. 

Gas Welding 

The commonly used gas-welding proc¬ 
esses for aluminum and aluminum alloys 
are oxy-hydrogen and oxy-acetylene 
welding. Equally good results from the 
standpoint of soundness, strength, speed 
and appearance are obtained with either 
process. Standard equipment in the way 
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Van Stone Joint Aluminum Fixed Flange 


For tanks with sidewalls Vie' thick or over, the minimum I.P.S. tube for 
which the tank can be flanged for butt welding to fitting is 3hown in the table below 



Fig . 3.—Typical Tubular Connection* 







Van Stone Joint Aluminum Fixed Flange 

Fig. 4.—Typical Tubular Connections Where Sidewalls 

Art Too Htary for Flanging 
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of torches, hose and regulators is suit¬ 
able for welding the aluminum alloys. 
(See Chapter 4.) Some work has also 
been done with oxy-natural gas and oxy- 
propane derivatives, and while good 
soundness and strength have been ob¬ 
tained, the use of these gases does not 
appear to be economical because of the 
comparatively low rate of welding. 

Gas welding is suitable for welding 
material from about 0.040 up to 1 in. 
thick. Material heavier than 1 in. is not 
usually gas welded as the rate of heat 
dissipation in the part is so rapid that it 
is difficult to apply sufficient heat to melt 
the metal with a torch. Table 7 shows 
approximate equipment size for various 
thicknesses of material. The filler metal 
is very fluid when gas welding and the 
freezing rate is slow compared with arc 
welding. It follows that welding should 
be done in the flat position as it is very 
difficult to control a weld pool in the 
horizontal or vertical position and im¬ 
possible to make other than a very short 
or a repair weld in the overhead position. 

It is essential that the sheet or plate 
edges be properly prepared if sound 
welds of maximum strength are to be at¬ 
tained. Edge preparation for various 
thicknesses of material is shown in Fig. 
5. Proper alignment of abutting edges is 
important in controlling distortion. This 
can be done best by tack welding at fre¬ 
quent intervals along the seam. On ma¬ 
terial up to Vio-in. thick, tack welds are 
placed from 1 to 2 in. apart, depending 
upon the length of the seam. This spac¬ 
ing can be increased proportionately up to 
a spacing of about 10 in. on material 
V 2 -in. thick and heavier. Data for weld¬ 
ing tanks are shown in Table 8. 

Arc Welding 

All of the arc-welding processes are 
useful for welding castings. These in¬ 
clude shielded metal-arc, inert-gas metal- 
arc, carbon-arc and atomic hydrogen 
welding. The soundest and densest weld 
structure is obtained with the inert-gas 
metal-arc and carbon-arc processes. 
Complete removal of sand or other for¬ 
eign material by chipping or other me¬ 
chanical means is required when such 
welding is done. The presence of even 
small quantities of foreign material at the 
weld would interfere with the welding 
operation more seriously with these proc¬ 


esses than with the shielded metal-arc or 
atomic hydrogen processes. 

Shielded Metal-Arc Welding 

Aluminum and the aluminum alloys 
can be welded with the shielded metal- 
arc. The highly concentrated heated 
zone obtained with the arc prevents ex¬ 
cessive expansion of the parts being 
welded with consequent lessening of dis¬ 
tortion. In addition, the preparation of 
the joints for welding is simpler and the 
rate of welding is faster than for other 
welding processes. 

Because of the relative difficulty of con¬ 
trolling the arc, however, it is not prac¬ 
ticable to weld a butt joint in material 
lighter than 0.081-in. thick, or fillet 
welds on plate lighter than Vs-in. thick. 
While shielded metal-arc welded joints 
are equal in strength to gas-welded joints, 
it is difficult to obtain liquid or gas-tight 
joints in material lighter than 1 /<-in. thick. 

Metal-arc welds can be made with 
standard d.c. motor generator sets used 
for welding other metals. The proper 
polarity to be used should be determined 
by trial on the joints to be made. The 
capacity of the equipment and the elec¬ 
trode size are determined by the thick¬ 
ness of the material to be welded. Table 
9 provides approximate machine settings 
and electrode sizes for welding various 
thicknesses of aluminum. No suitable 
electrode has been developed for welding 
the aluminum alloys with alternating cur¬ 
rent. 

Electrode .—Unless a suitable flux is 
provided, the surface oxide present on 
the electrode core wire and the base metal 
will prevent coalescence of the weld 
metal. Consequently, successful results 
are obtained by using a covered electrode. 
As the 95% Al, 5% Si alloy provides 

superior fluidity at welding temperatures, 
this alloy is used for almost all of the 
commercially available electrodes. 

Electrodes used in shielded metal-arc 
welding are coated with a welding flux 
that stabilizes the arc as well as removes 
the oxide coating. The presence of water 
in such coatings is a major cause of a 
porous weld structure and the coating 
must be thoroughly dry before use. Dry¬ 
ing can be effected by heating the elec¬ 
trodes for several hours at 400 to 500°F. 
All of the flux mixtures are composed 
of hygroscopic salts that will pick up 
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moisture when exposed to the atmos¬ 
phere. Deterioration of electrodes occurs 
on exposure to the atmosphere. Such de¬ 
terioration can occur within a few hours 
under conditions of high relative hu¬ 
midity. In view of this, it is desirable 
to store electrodes in a dry location and, 
in addition, to apply a drying operation 
as described above before the electrodes 
are used. (See Chapter 10 for further 
information on Shielded Metal-Arc 
Welding.) 

Inert-Gas Metal-Arc Welding 

A major factor in the expanded use of 
welded construction in the aluminum 
alloys has been the adoption of the inert- 
gas metal-arc welding process for these 
materials. The process is superior to 
the gas and other arc-welding processes 
for welding aluminum in several re¬ 
spects. The soundness, strength, and 
leak tightness of welds made by this 
process are better on the average than 
for welds made with the other processes. 
Welding flux is eliminated; consequently, 
the possibility of corrosive attack from 
inadequate flux removal is not present. 
Another important factor is that welding 
in either the vertical or overhead posi¬ 
tion can be accomplished with almost the 
same facility and with equal soundness 
and strength as welds made in the flat 
position. Finally, the process can be 
adapted to mechanized welding more 
easily than the other welding processes. 

Welding of the aluminum alloys is 
usually accomplished with alternating 
current, argon gas and a tungsten elec¬ 
trode. Helium gas of adequate purity, 
when available, is sometimes used. Most 
equipment is provided with a high fre¬ 
quency circuit superimposed on the weld¬ 
ing circuit to insure the maintenance of 
the welding arc. Equally good results 
are obtained with equipment arranged 
so that the high frequency current flows 
whenever the welding arc is established 
or is used only for a few cycles to initiate 
the arc and to automatically re-establish 
it if the arc is extinguished for any rea¬ 
son. Filler metal is applied in much the 
same manner as for gas welding. Equip¬ 
ment capacity and machine settings vary 
with the thickness of material being 
welded. Table 10 shows machine settings 
that have been found suitable for the 
usual commercial requirements. 

Manual welding operations can be ac¬ 


complished commercially on material as 
thin as 0.040 in. Material up to 272 -in. 
thick has been butt welded and even 
heavier material can be welded. Pre¬ 
cleaning of the metal prior to welding is 
desirable to obtain maximum welding 
speed, although much welding on the 
nonheat-treatable alloys is done without 
precleaning other than to remove grease 
or dirt. When welding heat-treatable 
alloys or parts that have been severely 
formed or subjected to heating opera¬ 
tions for annealing or hot forming, the 
surface of the metal at the joint should 
be cleaned to remove the oxide coating. 
In most cases, this is accomplished 
mechanically by wire brushing or by 
rubbing with steel wool. Chemical clean¬ 
ing of the same type as used for spot 
welding is also very satisfactory. 

Standard a.c. welding transformers 
with an open-circuit voltage of 60 to 
100 are used for this work. Arc stabili¬ 
zation is obtained by superimposing a 
high frequency circuit on the welding 
circuit. 

Machine welding is used where pro¬ 
duction justifies the tooling cost. There 
are contour applications and many types 
of joints which cannot be firmly jigged 
to prevent warping. For this type of 
work it is difficult to provide a machine 
with a mechanical contour follower to 
maintain the arc length within plus or 
minus 0.005 in., which is required for 
quality welding. Equipment with elec¬ 
tronic arc length control has been de¬ 
veloped to fulfill these requirements. 
There are many applications where a 
manually-adjustable machine will suffice 
where quite close operator supervision can 
be provided. Automatic filler metal feed 
is also available with either unit. 

The cost of welding by this process is 
comparable with that of other welding 
processes used on the aluminum mate¬ 
rials. The cost of argon gas is a major 
factor and it is essential to use a mini¬ 
mum quantity. The gas can be con¬ 
served by using as small an electrode 
and gas cup as possible to secure adequate 
coverage. Gas consumption increases 
slightly with increased welding speed, 
but is not proportional to the speed. It 
follows that mechanization of the welding 
operation to increase welding rates is 
frequently more desirable with inert-gas 
metal-arc welding than with other proc¬ 
esses. For similar reasons, edge prepa- 
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ration for welding the thicker materials 
with a minimum amount of filler metal 
commensurate with getting complete 
penetration is an important factor. Sug¬ 
gested edge preparation for various weld¬ 
ing thicknesses is shown in Fig. 5. (See 
Chapter 13 for further information on 
inert-gas metal-arc welding.) 

Atomic Hydrogen Welding 

Atomic hydrogen welding can be used 
for assembling aluminum parts. Good 
results have been obtained from the 
standpoint of soundness and strength of 
welds in the aluminum alloys with both 
manual and automatic atomic hydrogen 
welding equipment. 

As this process involves an arc that is 
formed between electrodes in a torch, 
it is possible to control the heated zone 
on the parts being welded by moving the 
torch away from or toward the work. 
Filler metal is applied manually in much 
the same manner as when gas welding. 
Consequently, the process combines some 
of the flexibility of the gas welding 
operations with the concentrated heated 
zone approaching that of metal or car¬ 
bon-arc welding. It is possible with 
atomic hydrogen welding to make fillet 
welds on an alloy such as 52S with little 
difficulty from cracking or overheating 
of the parts being welded. 

Fluxing .—Atomic hydrogen welding is 
usually performed with standard gas 
welding flux. Both sides of the joint 
are painted with a water mixture of the 
flux and the welding rod is dipped in 
the mixture prior to welding. The tech¬ 
nique of welding resembles the gas weld¬ 
ing technique and requires some practice 
in order that the operator become adept 
at holding the arc and controlling the 
weld puddle. Butt welds can be made in 
material from Vie up to Ve-in. thick and 
heavier. Approximate values for current 
settings and welding rod sizes are shown 
in Table 12. 

The effect of the welding heat on the 
flux is more severe than when gas weld¬ 
ing, and after the joint solidifies, a 
heavier scum than usual is present on the 
surface. This will interfere with laying 
down subsequent weld beads and removal 
of the flux deposit is usually required 
where more than one weld bead is used 
to make the joint. 

Edge preparation prior to welding and 
the removal of welding flux after welding 


are accomplished by the same methods 
already described for gas-welded joints, 
Fig. 5. (See Chapter 11 for further in¬ 
formation on atomic hydrogen welding.) 

Carbon-Arc Welding 

The use of the carbon-arc process for 
welding aluminum has recently increased. 
The reason for this is that sound welds, 
comparable in structure and appearance to 
gas welds, can be made with substantially 
less distortion in the parts. Both manual 
and automatic methods are used. 

The technique for the manual method 
is similar to that used for other metals. 
A flux-coated welding rod is used to 
supply filler material. Improved weld¬ 
ing speed and appearance will result with 
a welding rod covered with a thinner 
coating than that on the standard metal- 
arc electrode, although the latter is fre¬ 
quently used for filler material. Ma¬ 
terial Vurin. up to about Vs-in. thick 
is welded commercially. Joint prepara¬ 
tion is similar to that used for gas weld¬ 
ing. Rod size and welding current as 
shown in Table 9 for shielded metal-arc 
welding are also approximately correct 
for manual carbon-arc welding. 

This process has also been adapted to 
automatic equipment where the quantity 
of welding justifies the initial cost. Such 
installations have been used commercially 
for assembling aluminum alloy tank cars, 
and increased use of the process is antici¬ 
pated on welded tanks for chemicals, 
gasoline, breweries and other applications 
of a similar nature. 

Standard automatic equipment with a 
superimposed a.c. field to control the arc 
is used for this work. Data on machine 
settings, filler material and flux are 
shown in Table 11. This information ap¬ 
plies to butt joints and represents average 
conditions. Some adjustments of the vari¬ 
ables shown must necessarily be made on 
individual jobs, although the information 
is suitable for all of the weldable alumi¬ 
num alloys. 

No edge preparation is required on 
butt joints other than fitting the parts so 
that the abutting edges meet uniformly 
along a straight line. Use of a backing 
is essential and this is usually a V4-in. 
thick, or thicker, copper bar with a Via- 
in. deep by */ fc -in. wide groove placed 
directly below the joint. Metal-arc tack 
welds or clamping devices are used to 
hold the edges in alignment. 
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Flux and Filler Metal .—Powdered flux 
is fed on the joint automatically and 
there are several good fluxes available 
for this purpose. Filler metal is also fed 
automatically. The same alloys used for 
gas welding can be used for this process, 
although hard-drawn rather than an¬ 
nealed wire will feed uniformly through 
the wire feeder. Commercially pure alu¬ 
minum and aluminum-manganese alloy are 
welded with 99% aluminum wire and 
other alloys with 5% silicon-aluminum 
alloy wire. The diameter used depends 
on the thickness of the material welded, 
as shown in Table 11. 

The same precautions for the removal 
of welding flux should be followed as 
are outlined for gas welding. Weld 
dressing after cleaning can also be 
handled in the same manner. (See 
Chapter 9 for further information on 
carbon arc welding.) 

Brazing 

Brazing aluminum materials differs 
from welding only in that special alumi¬ 
num alloys having a lower melting point 
than that of the base metal are used for 
filler metal. Special fluxes, filler metal 
and techniques have been developed for 
brazing commercially pure aluminum, 
aluminum-manganese alloys and the 
aluminum - magnesium - silicon alloys. 
Techniques and filler metals have not 
been developed for commercially brazing 
the aluminum-copper, aluminum-zinc or 
the aluminum-silicon cast or wrought ma¬ 
terials. 

Three brazing processes are used: 
furnace brazing, dip brazing and torch 
brazing. Furnace brazing is done by 
applying a flux and preplaced filler metal, 
assembling the parts, and raising the 
temperature of the entire assembly or a 
batch of assemblies in a furnace to a 
point where the filler metal melts and 
flows into the joint, but without melting 
the base metal. Dip brazing is done by 
assembling the parts and dipping the 
entire assembly into a bath of molten 
flux held at a temperature above the 
melting point of the filler material, but 
below the melting point of the base metal. 
Torch brazing is done by dipping the 
filler metal in a flux and melting it into 
the joint with a torch. 

Lock seam, tee, line contact or lap 
joints rather than butt or scarf joints 
are generally used. However, in making 


any kind of a joint, clearance between the 
parts is necessary for the flow of the 
filler metal. This flow depends on gravity 
and capillary attraction, so pressed or 
tight fits in assembling the parts must be 
avoided. Clearances of 0.006 to 0.010 in. 
are suitable for laps less than a / 4 in. long; 
clearances up to 0.025 in. are used for 
longer laps. The correct clearance for 
any given joint is best determined by 
trial. 

Joint design should permit easy as¬ 
sembly of the parts prior to brazing, and 
closed assemblies should be designed to 
provide for the escape of gases during 
brazing. The use of jigs and fixtures for 
holding the parts in alignment, particu¬ 
larly if of steel or stainless steel, is not 
usually feasible. The difference in 
thermal expansion between steel and 
aluminum in most cases will force the 
parts out of line. Aluminum fixtures are 
satisfactory only if made from an alloy 
that will not melt at the brazing tem¬ 
peratures and so shaped that there is 
no contact between the fixture and the 
molten brazing flux and filler metal. In 
most applications, it has been found de¬ 
sirable to design the parts to be self 
jigging or held in alignment by rivets 
or projections that remain on the part 
after brazing. 

Materials .—Brazing aluminum alloys 
differs from brazing other metals in that 
the filler metal is an aluminum alloy rather 
than a silver or copper-base alloy, of suit¬ 
able composition so that the melting 
point is lower than the parent material’s. 
This is accomplished practically by alloy¬ 
ing aluminum with varying amounts of 
silicon, or copper and silicon, as shown 

in Table 13. 

It has been found practicable also to 
apply some of these brazing alloys as an 
integral coating on one or both sides of 
certain aluminum alloy sheet materials. 
This product, known as brazing sheet, is 
convenient to use in that parts can be 
formed by drawing, bending, spinning or 
any of the usual shop procedures without 
injury to the coating of filler metal. The 
parts are then assembled, flux is applied, 
and brazed by raising to a temperature 
sufficient to flow the coating of brazing 
filler metal. The use of these materials 
has been found economical because nc 
additional filler metal in the form of wire 
or shims need be applied. 

Brazing sheet is produced commercially 
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with a coating of Al-7.5% Si alloy. 
This material is brazed at a temperature 
from 1120 to 1140°F. Brazing sheet is 
also produced with the same coating on 

aluminum-magnesium-silicon alloy that is 
heat treatable. Parts made from this ma¬ 
terial can frequently be quenched in a 
water spray or air blast on removal from 
the brazing furnace with the result that 
higher strength is obtained. For example, 
a part made from the Al-Mn brazing 
sheet has a typical tensile strength of 
15,000 psi. while a part made from the 
Mg-Si aluminum alloy in the solution- 
heat-treated and precipitation-hardened 
temper has a typical tensile strength of 
35,000 psi. 

Not all of the aluminum alloys can be 
brazed. Materials shown in Table 5 with 
a melting point higher than that of the 
filler metals shown in Table 13 can be 
brazed. Commercially pure aluminum 
and Al-Mn alloys can be brazed with any 
of the filler materials. The Al-Mg-Si 
alloys are brazed with Al-Si-Cu filler 
metal. Any of the commercial forms of 
the wrought alloys, such as sheet, tubing, 
forgings and extruded shapes, are suit¬ 
able for brazing. None of the standard 
casting alloys are suitable for brazed 
construction. There are a number of ex¬ 
perimental materials, however, that show 
promise for this purpose and communi¬ 
cation with the manufacturer of aluminum 
castings is suggested where the brazing 
of cast parts seems to be desirable. 

Furnace Brazing .—Brazing operations 
are performed in standard types of furnace 
equipment. Temperature regulation with¬ 
in :±5 0 F. of the nominal temperature is 
necessary to secure consistent results. 
This requires automatic temperature con¬ 
trol. For most parts circulation of the 
furnace atmosphere is not essential to 
the brazing operation but is a desirable 
feature in furnace construction in that 
it reduces the heating time and results 
in more uniform distribution of tem¬ 
perature in the furnace. If the parts 
that arc to be brazed are crowded into 
passages too small in area to permit uni¬ 
form temperature rise by the natural con¬ 
vection currents in the furnace, forced 
circulation is absolutely essential. 

The total time brazed parts are exposed 
to the furnace temperature depends on the 
thickness of the parts. Experience indi¬ 
cates that furnace-brazed parts can be 
made from 0.006 up to V*-in. thick. 


Material 0.006-in. thick will reach braz¬ 
ing temperature in a few minutes, while it 
requires 40 to 45 min. for V 2 -in. thick 
material to reach temperature. A period 
of from 2 to 6 min. after the metal 
reaches the brazing temperature is re¬ 
quired to melt the brazing alloy and flow 
it into the joints. Time for any specific 
job is determined by trial. In this con¬ 
nection it should be noted that because of 
the varying rates of temperature rise, it 
is not good practice to design an assembly 
with many variations in the thicknesses of 
individual parts. 

The brazing temperature is adjusted to 
suit the alloy being brazed. In the case 
of aluminum-manganese parts, a tem¬ 
perature between 1160 and 1185°F. is 
used. Aluminum-magnesium-silicon al¬ 
loys are brazed at 1060 to 1090°F. The 
correct temperature for a specific job is 
determined by trial and will depend on 
the design of the part and the size of 
the fillets required. Larger fillets are 
obtained at the upper end of the tem¬ 
perature range. In determining the cor¬ 
rect temperature it is desirable to measure 
actual temperature of the parts (load 
temperature) by attaching a thermo¬ 
couple to one of the parts. 

larch Brazing .—Torch brazing differs 
from furnace brazing in that the heat is 
applied locally with a welding torch. 
Oxy-hydrogen, oxy-acetylene and oxy- 
natural gas have been used for this pur¬ 
pose. The brazing flux is mixed with 
water and applied to the brazing alloy 
by dipping. Heat is applied to the part 
until the temperature reaches a point 
where the flux and the filler metal melt 
and wet the surfaces of the base metal with 
little or no melting of the base metal 
itself. The process resembles gas welding 
except that the filler material is more 
fluid and will flow into a lap joint. The 
speed of making the joint is also more 
rapid. 

Dip Brazing .—Dip brazing differs from 
furnace brazing in that it is not neces¬ 
sary to apply the brazing flux in a sepa¬ 
rate operation. In dip brazing, the parts 
are assembled with the filler material in 
place. The assembly is placed on a 
suitable rack and dipped in molten flux 
held at the proper temperature to melt the 
filler material and produce its flow into the 
joint but yet not melt the base metal parts. 
While commercial experience is limited, 
its field of possible applications includes 
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finned tubing, radiators, heat exchangers 
and similar assemblies that permit com¬ 
plete drainage of the molten flux after 
brazing. 

Parts are prepared for dip brazing in 
much the same manner as for furnace 
brazing from the standpoint of cleaning 
and assembly. Dip-brazed parts should 
be designed so that alignment during 
brazing is obtained by the fit of the parts 
rather than by holding the pieces in jigs 
or fixtures. For example, in brazing 
tubes to header plates, a close fit at the 
joint can be obtained by expanding the 
ends of the tubes into the holes in the 
header plate. Racks for suspending the 
parts in the flux are usually made from 
nickel or pure aluminum wire. Cast iron, 
stainless steel and nickel alloy racks 
have also been used, although there may 
be some contamination of the bath with 
these materials. 

The same temperature range used for 
furnace brazing is suitable, with the final 
temperature chosen by trial. The parts 
are dipped from 30 sec. to 3 min., de¬ 
pending on the shape and thickness. 

Increased speed and smoother joints 
are obtained if the parts are preheated to 
between 900 and 1000 & F. before dipping 
in molten flux. This is usually accom¬ 
plished in a separate operation and pre¬ 
vents local freezing, distortion, incon¬ 
sistent joining and entrapment of flux in 
small openings in the pieces. 

It is important that the flux be held in 
a container which will not cause con¬ 
tamination. Pure nickel pots have been 
found satisfactory from this standpoint 
and a service life of about six months 
can be expected with this material. Some 
ceramic pot linings are suitable, although 
unless previous experience has indicated 
a ceramic is not attacked by the flux, 
preliminary tests should be made. Both 
external gas-fired heating and electric- 
resistance heating of the molten flux have 
been found satisfactory. Temperature 
control within ±5°F. of the brazing tem¬ 
perature is essential. The size of the pot 
also should be such that the chilling effect 
from dipping the parts to be brazed does 
not drop the temperature below this 
tolerance. 

The addition of flux to replace drag- 
out or increase the depth will introduce 
moisture. The same conditions exist 
when a fresh batch of flux is melted. The 
source of this water is the chemically 


combined water in the flux constituents 
and the effect is to attack the aluminum 
parts unless the bath is dehydrated. De¬ 
hydration is accomplished by dipping a 
coil or piece of aluminum sheet in the 
flux. As long as moisture is present, 
hydrogen is evolved which ignites on the 
surface, producing small orange flames. 

Cleaning Joints After Brazing .—It is 
always necessary to clean the joint after 
a brazing operation. Many parts can be 
immersed in boiling water before cooling 
from the brazing temperature, which will 
remove the major portion of the flux. If 
such a quench distorts the part, it should 
be allowed to cool in air before it is im¬ 
mersed in boiling water. 

This is followed by a dip in concen¬ 
trated nitric acid for 5 to 15 min., de¬ 
pending on the design of the parts. The 
acid is removed with a water rinse, pref¬ 
erably in boiling water in order to accel¬ 
erate drying. An alternative cleaning 
method is to dip the part for 5 to 10 
min. in a 10% nitric plus 0.25%hydro- 
fluoric acid solution at room temperature. 
This in turn is followed by a water rinse. 

Brazed parts with thin sections 
(0.010-in. and lighter) and parts where 
maximum resistance to corrosion is im¬ 
portant, should be immersed in hot water 
followed by a dip in a solution of 10% 
nitric acid and 10% sodium dichromate 
for 5 to 10 min. This in turn is followed 
by a hot water rinse. (See Chapter 22 
for further information on Brazing.) 

Spot Welding 

All of the commercial aluminum alloys 
may be spot welded provided the thick¬ 
nesses involved are not too great. The 
provision of proper equipment for mak¬ 
ing the welds, the preparation of the sur¬ 
face of the material for welding and the 
use of correct machine settings are neces¬ 
sary to produce satisfactory welds. 

Aluminum and aluminum alloys have 
comparatively high thermal and electrical 
conductivities, and in order to mdke a 
spot weld, high values of welding current 
and relatively short welding times are 
necessary. A further factor which in¬ 
fluences the choice of equipment for spot 
welding aluminum is the softening of the 
material at the welding temperature 
which necessitates a slight movement of 
the welding electrode into the material 
being welded. While this movement is 
small, it must take place in a very short 
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time, perhaps 0.002 to 0.005 sec., and as 
a consequence, considerable acceleration 
of the welding electrode assembly is 
necessary if contact is to be maintained 
between the welding electrode and the 
material welded. For this reason, the 
moving electrode system should possess 
low inertia and should be so guided as to 
minimize friction. 

A.C. Spot Welding .—One method in 
wide use is the alternating-current 
method wherein the high welding current 
is obtained from the secondary of a weld¬ 
ing transformer having a turn ratio from 
20:1 up to 100:1. The primary of the 
welding transformer is usually connected 
to either a 220- or 440-v., 60-cycle power 
supply, and suitable means are interposed 
between the power supply and the weld¬ 
ing transformer to provide a range in 
time of application of welding current 
from one cycle up to thirty cycles. The 
secondary current required varies with 
the thickness of the material welded as 
listed in Table 14. 

Current Demand .—One of the chief 
objections to alternating-current spot¬ 
welding machines is that the high currents 
for welding aluminum place a very high 
electrical demand upon the system supply¬ 
ing the welding machine. This current 
demand is of intermittent nature, single¬ 
phase, and of very low power factor, and 
may disturb other electrical equipment, 
for example, causing blinking of lights. 
This condition may be alleviated to a 
large extent by the installation of static 
condensers in series with the primary of 
the welding transformer. The manu¬ 
facturer of the welding equipment should 
be consulted in connection with the 
proper size and number of condensers re¬ 
quired. 

Stored Energy Method .—The electri¬ 
cal demand for spot welding aluminum 
may also be reduced by the use of several 
types of stored energy welding equipment. 

Table 15 shows welding conditions for 
spot welding Alclad 24S-T aluminum 
alloy with electromagnetic and condenser- 
discharge equipment. Alloys having 
higher surface hardnesses generally re¬ 
quire higher values of electrode force for 
best results. 

Electrodes .—The proper choice of elec¬ 
trode shape and the maintenance of this 
shape in production are essential to obtain 
consistent spot welds on aluminum. The 
welding electrode serves as a means of 


conducting the welding current into the 
parts being welded, exerting sufficient 
pressure on the material to hold it in 
place while the weld is made, and of 
conducting the heat out of the parts 
welded to prevent the weld zone from 
reaching the outside surfaces of the ma¬ 
terial. At least one of the electrodes 
must be of such shape that a high con¬ 
centration of current will be obtained in 
the weld. Electrodes machined to a 
spherical radius on one or both sides of 
the work are used for most welding 
operations. Consistent strength and size 
of weld can be obtained by refinishing 
the electrodes periodically with a tool 
contoured to the proper radius and faced 
with a fine abrasive cloth. The best tip 
radius varies with the thickness of the 
metal and suggested values are shown in 
Table 16. 

It is essential that electrodes be made 
from a material having high hardness 
and high electrical and thermal conduc¬ 
tivity. A number of copper alloys hav¬ 
ing hardnesses greater than Rockwell 
B-65, and electrical conductivities greater 
than 75% of that of pure copper, are 
used (RWMA Class 1 or Class 2, Group 
A). Hard-drawn copper electrodes of 
conical or dome shape will not maintain 
their shape in production welding and 
their use is to be avoided. 

The electrodes must be of sufficient 
diameter to carry the welding currents 
used without undue heating. A ®/«-in. 
diam. electrode is suitable for currents up 
to 35,000 amp. and a welding time of 15 
cycles when the rate of welding is not 
more than 40 welds per minute. Where 
higher welding currents or greater weld¬ 
ing speeds are used, 7 /s or L/Vin. diam. 
electrodes should be used. For welding 
currents less than 20,000 amp. and weld¬ 
ing times less than 8 cycles, 7,-in. diam. 
electrodes are satisfactory. 

The electrodes must be water cooled 
by a stream directed through the end of 
the electrode cooling-water hole. This 
hole should extend to within 7« in. of 
the welding face. A water flow of one or 
more gal. per min. should be maintained 
through the electrode. 

\\ ith continued welding, a coating of 
aluminum alloy forms over the face of 
the electrode. This aluminum alloy is of 
low electrical conductivity and continued 
welding with it on the electrode surface 
soon results in sticking of the electrodes 
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to the work and melting of the surface of 
the material welded. This pickup may¬ 
be removed by dressing the electrodes 
with a fine grade of abrasive cloth. In 
dressing dome-shaped electrodes to re¬ 
move pickup care should be taken to 
maintain the original electrode shape. 

Pickup in stored energy welding 
machines may be minimized by reversing 
the direction of current flow through the 
electrodes on successive welds. Exces¬ 
sive electrode pickup is generally the re¬ 
sult of improper surface preparation of 
the material prior to welding, insufficient 
electrode force or excessive welding cur¬ 
rent. Refrigeration of the welding elec¬ 
trodes may result in increased electrode 
life if good welding conditions are em¬ 
ployed. To make the most effective use 
of the cooling effect of the refrigerant, 
the distance from the face of the electrode 
to the coolant should be 3 / 8 in. or less, 
and the inside cooling surfaces of the 
electrode fluted to aid in streamlining the 
flow of coolant. 

Surface Preparation .—Aluminum al¬ 
loys are characterized by a rather heavy 
oxide coating, and while welding may 
sometimes be performed without remov¬ 
ing or altering this coating, better qual¬ 
ity welds and more economical welding 
will result if both surfaces of the mate¬ 
rial are cleaned prior to welding. The 
surfaces of aluminum alloys may be pre¬ 
pared for spot welding either by mechani¬ 
cal or chemical methods. Mechanical 
methods of surface preparation are em¬ 
ployed where the volume of production 
spot welding is small or where the size 
of the assemblies does not permit the 
handling necessary for chemical methods 
of surface preparation. 

Mechanical surface preparation may be 
performed with a fine grade of abrasive 
cloth, fine steel wool or a fine motor- 
driven scratch brush. Chemical surface 
preparation consists of cleaning the parts 
in an alkaline or a vapor degreaser, treat¬ 
ing in one of several available oxide re¬ 
moval solutions, rinsing in cold fresh 
water and drying. A second rinse in 
boiling water may be employed to facili¬ 
tate the drying. There are a number of 
chemical cleaning solutions available 
commercially, especially designed for pre¬ 
paring aluminum for spot welding, which 
are applied in accordance with the rec¬ 
ommendations of the manufacturers of 
these materials. 


A simple, room-temperature, chemical 
surface-treating solution which works 
satisfactorily for most aluminum alloys 
consists of 1.5 to 3.0% by volume of 
28% hydrofluosilicic acid, HaSiFe, and 
0.1% by weight of a wetting agent to 
insure intimate contact of the etchant and 
the metal surface. An immersion time of 
5 to 10 min. is generally employed. Cer¬ 
tain alloys such as 14S, 17S, 24S, 61S and 
R361 which do not respond to this treat¬ 
ment may be satisfactorily prepared by 
a 10-min. immersion at 180°F. in a 2% 
solution by volume of nitric acid, HNO3, 
containing 0.2% by weight of a wetting 
agent. 

Another economical method of prepar¬ 
ing the surface for spot welding is to de¬ 
grease the material and etch the surface 
in a 10% nitric acid, HNO3, 0.25% 
hydrofluoric acid, HF, solution. This is 
followed by a cold water rinse and occa¬ 
sionally an additional hot water rinse to 
promote fast drying. Most materials are 
immersed in the mixed acids for 5 min. 
although this time can be varied to suit 
the requirements of the work. 

The maintenance of chemical treating 
solutions at the proper strength is neces¬ 
sary to insure satisfactory preparation of 
the surfaces for spot welding. The acid 
strength of treating solutions may gener¬ 
ally be determined by titration and ad¬ 
justed accordingly. Once these solutions 
have been placed in use, however, there 
are factors which may operate to influ¬ 
ence their action, and the aluminum may 
not be properly prepared for spot welding 
although the solutions are at the proper 
acid strength. Therefore, the method 
of controlling the solutions by measuring 
the surface resistance after treatment of 
small coupons of the alloy being welded is 
suggested. Additions are made to the 
solution as required to maintain the sur¬ 
face resistance of the control samples at 

a desired low value. 

Shop Practices .—In order to set up the 
welding machine to produce satisfactory 
spot welds, the production of sample 
welds is necessary. A series of welds 
should be made on sample stock of the 
same gage, alloy, surface condition and 
spot spacing as the job to be welded. 
These specimens are torn apart by driv¬ 
ing a chisel in between the sheets and in 
between the welds or by a peel test 
Each spot weld should pull a button ot 
diameter equal to twice the thickness ot 
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the material, plus Via inch. If the spot 
diameter is too small, it may be in¬ 
creased by increasing the welding cur¬ 
rent. If expulsion of metal from the 
weld between the sheets is occurring the 
welding pressure should be increased or 
the current reduced. If the outside sur¬ 
faces of the sheet exhibit evidence of 
excessive darkening or surface melting, 
or of sticking to the electrodes after only 
one or two welds have been made, either 
the pressure should be increased or the 
current decreased. 

Spot welds in aluminum alloys 17S, 
24S, 75S and R301 in either bare or clad 
form will not always pull buttons* all the 
way through the sheet when the thickness 
of material is greater than 0.080 inch. In 
these materials, the weld is tested as 
above and the diameter of the fractured 
area determined. 

When welding unequal thicknesses of 
materials, the thickness of the thinner 
material governs the machine setting and 
the diameter of the weld. Where more 
than two thicknesses are welded, the set¬ 
ting is governed by the outside sheets us¬ 
ing values of welding current and weld¬ 
ing pressure slightly higher than normal. 
If expulsion of metal between the sheets 
cannot be entirely eliminated by changing 
the machine settings, a more thorough 
method of cleaning the material should be 
adopted. A light rub of the material with 
fine steel wool just before welding will 
often help this condition. 

Spot welds in Alclad or Pureclad 
24S-T and Alclad 75S-T are subject to 
cracking if too high a value of welding 
current or too low a value of welding 
pressure is used, or if the material is not 
cleaned sufficiently. These cracks may be 
eliminated or reduced to some extent by 
using a larger radius on the domed elec¬ 
trodes or by dressing a small flat spot 
not greater than 2T plus Via in. in 
diameter on the domed or cone tip (T 
equals thickness of material). This flat 
spot reduces the indentation of the elec¬ 
trode into the sheet and results in main¬ 
taining more uniform pressure during the 
weld. 

Strength of Welds .—Spot welds are 
usually designed to carry shear loads. 
The strength of the welds will vary to 
a considerable extent with the alloy 


* That part of the weld which tears out in¬ 
cluding all or part of the nugget. 


welded, the thickness of the material 
welded and the machine settings used in 
making the welds. Minimum values of 
shear strength for various thicknesses 
and alloys are given in Table 17. The 
production of welds of small size and of 
lower strength than listed in Table 17 is 
to be avoided since settings which give 
small diameter welds in aluminum are 
apt under production conditions to pro¬ 
duce no weld at all. 

While spot welds are not usually de¬ 
signed to carry tension loading, such load¬ 
ing often exists in the form of secondary 
stress. The tensile strength of spot welds 
will vary from 20 to 90% of the shear 
strength and where it is important that 
such strengths be known, special tests 
should be made. 

Resistance to Corrosion .—Spot welds 
in aluminum alloys 2S, 3S, 52S, 61S, 
R353 and R361 are not selectively at¬ 
tacked by corrosion and spot-welded 
structures of these materials can be ex¬ 
pected to give the same service as the un- 
w’elded material. Spot welds in the 
cladded forms of 24S, 75S and R301 are 
protected from corrosion by the clad coat¬ 
ings on the sheet, even if the weld extends 
through the coating. Best resistance 
to corrosion is obtained when the weld 
does not extend through the coating. 
Spot welds in 17S and 24S aluminum 
alloys may be selectively attacked under 
severe corrosion conditions. For this 
reason, spot-welded 17S and 24S con¬ 
struction is to be avoided where corrosion 
is a factor. If the joint can be protected 
by paint, particularly in the faying sur¬ 
faces, some protection of the spot welds 
is obtained. When 17S or 24S is spot 
welded to the cladded forms of 24S or 
R301, the coating on the clad material 
will protect the uncoated material to 
some extent. However, in time the clad 
coating will be used up and corrosion of 
the spot weld will ensue. 

Seam Welding 

Seam-welding equipment for welding 
aluminum is similar to spot-welding 
equipment except that the electrodes are 
replaced by roller electrodes from s / 8 to 
/s-in. thick and from 6 to 9 in. in diame¬ 
ter. One or both of these wheels are 
dressed to 158- to 166-deg. included angle 
vee or a 1 to 2 in. radius to concentrate 
the current in the weld. The wheels are 
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cooled internally or the wheels and the 
work are cooled by a generous flow of 
water directed against the periphery of 
the wheel near the weld. Usually one of 
the wheels is driven at an adjustable 
speed from one to five feet per minute. 

It is essential for alternating-current 
seam welding that the welding timer ini¬ 
tiate and cut off the current in synchro¬ 
nism with the supply voltage. Electroni¬ 
cally controlled timing equipment is the 
only satisfactory means available for do¬ 
ing this with sufficient accuracy to pro¬ 
duce uniform welds in aluminum. Pres¬ 
sure-tight welds are made by producing 
a series of overlapping spot welds. The 
current is cut on and off by the elec¬ 
tronic timer, one weld being made for 
each on application of current. The speed 
of the rolls, together with the on plus 
off time, is adjusted so as to get the 
number of spots per inch shown in Table 
18. A number of combinations of cycles 
on and cycles off may be used, although 
the ratio of on time to off time should be 
from one-fifth to one-third. 

Welding pressure and welding current 
are adjusted to produce the desired width 
of weld, which should be about twice the 
thickness of the material welded plus 
Via in., and the desired surface condition. 
Poor surface condition may be improved 
by either increasing the welding pres¬ 
sures or decreasing the welding current. 
Excessive welding speed will result in 
sticking of the work to the welding 
wheel and can be corrected by increasing 
the on plus off time, and decreasing the 
roll speed to give the desired spots per 
inch. Where a continuous pressure-tight 
weld is not required, the seam-welding 
machine may be used to place spot welds 
at any uniform spacing from about s / 8 to 
2 inches. The welding on plus off time 
is set at from 20 to 60 cycles with the 
on time about one-half of the value rec¬ 
ommended in Table 14 for spot weld¬ 
ing. The roller speed is adjusted to give 
the desired spot spacing. In this case, the 
speed of welding will be from 60 to 180 
spots per minute. 

As in spot welding, aluminum sticks 
to the electrodes, so in seam welding it 
adheres to the rollers and must be re¬ 
moved by dressing the wheel with a suit¬ 
able grade of abrasive cloth. A moder¬ 
ately coarse grade of cloth is used so as to 
produce a rough surface on the wheel 
which prevents slipping between the 


wheel and the work. On continuous seam 
welding, the wheels must be cleaned after 
three to five revolutions, and on inter¬ 
mittent welding after from 10 to 20 revo¬ 
lutions of the wheel. Continuous dress¬ 
ing of the electrode may be performed 
using a medium fine grade of commutator 
stone held against the wheel with 5 to 
10 lb. of pressure. Typical settings for 
seam welding aluminum alloy 52S-H14 
are given in Table 18. This table may 
also be used as a basis for seam welding 
other alloys, appropriate changes being 
made in the pressure and the current to 
produce the desired width of weld. 

Flash Welding 

All aluminum alloys may be joined by 
the flash-welding process. Joints of 
higher quality can be obtained by welding 
any particular alloy in the hard temper 
rather than welding it in the soft temper 
and hardening by subsequent heat treat¬ 
ment or work hardening. In this process, 
the parts to be welded are held in suit¬ 
able dies of the flash-welding machine. 
The parts are driven together with an ac¬ 
celerated motion at the same time volt¬ 
age from the secondary of the welding 
transformer is maintained on the parts. 
As the approaching parts make contact, 
local short circuits occur which cause 
rapid melting and expulsion of metal. 
This violent flashing action, lasting from 
one-half to one and one-half seconds, pre¬ 
pares the metal surfaces for joining and 
produces the required heat gradient in the 
parts to permit the desired upsetting. 
The flashing period is terminated by the 
nearly simultaneous cutting off of, or de¬ 
crease in, the magnitude of the power 
and a sudden increase in the velocity of 
the moving die. The ends of the parts 
being welded are forced together and any 
molten metal or oxides remaining at the 
interface are squeezed out. 

The process is particularly adapted to 
making butt or miter welds between alu¬ 
minum sections. The process has also 
been adapted to joining aluminum and 
copper bars and tubing, and the joints so 
produced fail in the aluminum outside o 
the weld. If annealed aluminum is used 
to make the joints, the joints are not 

brittle. 

Flash-welding machines of the alternat¬ 
ing current and storage battery types are 
presently used on aluminum alloys. n 
machines of 75 kva. or lower capacity 
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platen motion is produced by direct 
mechanical drive. On machines of higher 
capacity platen motion is generally pro¬ 
duced by a hydraulic system. A machine 
for flash welding aluminum should have 
a secondary current capacity of approxi¬ 
mately 100,000 amp. per square inch of 
material to be welded. Secondary volt¬ 
ages from 2 to 18 volts have been used. 
The amount of material flashed off varies 
from to V* in., and the upset motion 
is equal to or greater than the flashing 
travel. The flashing time varies from 30 
cycles for welds in small sections, such as 
V« to Via-in. O D. aluminum tubing, to 
70 cycles for a V* X 2-in. solid bar. The 
welding current is cut off or decreased in 
magnitude at the beginning of upset. The 
hot upsetting period ranges from 5 to 25 
cycles in duration depending upon the al¬ 
loy and area of section being welded. 

WELDING CASTINGS 

In general, the welding techniques for 
aluminum alloy castings are similar to 
those used on aluminum sheet and 
wrought sections. The susceptibility of 
many castings to thermal strains and 
cracks, because of their intricate design 
and varying section thicknesses, should 
be carefully considered. In addition, 
many castings in highly stressed struc¬ 
tures depend upon heat treatment for 
their strength, and welding tends to de¬ 
stroy the effect of such initial heat treat¬ 
ments. Unless satisfactory facilities for 
reheat treatment are available, the weld¬ 
ing of such heat-treated castings is not 

recommended. 

Preparation .—When a broken alumi¬ 
num casting is to be welded, it should 
first be cleaned carefully with a wire 
brush and gasoline to remove every trace 
of oil, grease and dirt. Unless the cast¬ 
ing has a very heavy cross-section, it is 
not necessary to tool the crack or cut 
out a vee as this can generally be accom¬ 
plished by means of the torch and pud¬ 
dling iron. It is necessary, however, 
that the material surrounding the defect 
be completely melted or cut away before 
proceeding with the weld. If a piece is 
broken out, it should be held in correct 
position by light iron bars and appro¬ 
priate clamps. The clamps should be so 
attached that the casting will not be 
stressed during heating. 


Preheating. —If the casting is large or 
has intricate sections, it should be pre¬ 
heated prior to welding to between 500 
and 700 °F. slowly and uniformly in a 
suitable furnace. If the casting is small, 
or if the weld is near the edge and in a 
thin-walled section, the casting may be 
preheated in the region of the weld by 
means of a torch flame. Cast aluminum 
should be heated slowly to avoid crack¬ 
ing in the section of the casting nearest 
the flame. 

Broken pieces should be tack welded 
into place as soon as the casting has been 
preheated. Actual welding of the piece 
should commence at the middle of the 
break and then continue towards the 
ends. When the weld is finished, the ex¬ 
cess molten metal should be scraped off 
with a puddling iron, and the casting 
allowed to cool slowly. 

Technique .—Holes in castings are 
welded in much the same manner as are 
cracked and broken castings. It is neces¬ 
sary to melt away or cut away the sides 
of the hole in order to remove all pockets 
and to permit proper manipulation of the 
torch. 

For welding ordinary castings, a 5% 
silicon or a 4% copper, 3% silicon 
aluminum alloy welding rod is generally 
used. However, in the case of heat- 
treated alloy castings, it is best to use a 
welding rod of the same alloy as the 
casting. 

A flux should be used when welding 
aluminum castings. Puddling alone will 
merely break up the oxide film and leave 
it incorporated in the weld, while fluxing 
will cause the oxide particles to rise to the 
surface so that a clean, sound weld will 
result. It is important that the added 
metal be completely melted, and the 
molten metal thoroughly worked with the 
end of the welding rod or with a puddling 
iron. Thus, the flux and oxide are 
worked to the surface of the molten metal, 
and there is very little danger of contami¬ 
nating the weld metal with particles of 
flux or other foreign inclusions. 

In the welding of large castings in 
which the area to be welded is sufficiently 
large and easily accessible, the welding 
rod is often dispensed with, and molten 
metal added directly from a small ladle. 
By this practice of flow welding, the 
amount of porosity and oxide in the weld 
is reduced to a minimum, the tendency 
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for burning in the surrounding areas is 
lessened, and metal of the same analysis 
as the casting is used. 

Flow welding is recommended for fill¬ 
ing large holes and cracks. To accom¬ 
plish this, a form or jig of fire clay, 
Plaster of Paris or metal is fitted around 
the hole or crack. After the casting has 
been preheated in a suitable furnace, the 
flux is brushed on the joint faces and the 
metal is brought up to the proper tem¬ 
perature by means of a torch. Molten 
metal, at not over 1300°F., is poured into 
the weld. The flux and absorbed oxide 
will immediately float to the surface and 
can be skimmed off. 

Arc Welding. —The metal or carbon 
arc can also be used for the welding of 
castings. Of the two, the carbon arc is 
preferred as it produces welds free of 
oxide and porosity. Even with carbon- 
arc welding, castings in some cases must 
be preheated to prevent thermal cracks. 
The use of rods carefully coated with 
flux and the control of welding current 
are essential for good arc welds. 

COMMON APPLICATIONS 

Aluminum and its alloys are useful 
for a wide range of industrial and do¬ 
mestic applications by virtue of their 
varied characteristics and properties from 
resistance to atmospheric corrosion to 
strength in structural members. 

These alloys find their major use and 
application in the following industries : 

Aircraft 

Automotive 

Household Appliances 

Structural 

Marine 

Architectural 

Chemical and Dairy 

Pressure Vessels 

Railroads 

Aircraft. —Probably their most exten¬ 
sive application, utilizing extruded shapes, 
tubing, sheet, castings and forgings; ex¬ 
amples are aircraft pistons, impellers for 


superchargers and jet engines, engine 
crankcases, cylinder heads, and aircraft 
wings and fuselages. (See Chapter 55.) 

Automotive. —Aluminum alloys have 
had extensive application of sheet, extru¬ 
sions and castings; examples are tubing 
for fuel, oil and hydraulic lines, Diesel 
engine pistons, and crankcase and cylinder 
heads, and truck bodies. (See Chapter 
54.) 

Household Appliances. —These mate¬ 
rials are extensively used for domestic 
cooking utensils ; also for vacuum cleaners, 
washing machines, trim, doors and win¬ 
dow framing. 

Structural. —Increased use is being 
made of the readily-fabricated heat-treat¬ 
able grades of these materials for load¬ 
carrying members and other structural 
shapes; extrusions for ornamental use as 
trim and fixtures; aluminum sheet for ex¬ 
terior wall covering, in addition to the 
Alclads, when increased strength is de¬ 
sired. (See Chapter 47.) 

Marine. —These materials are used pri¬ 
marily for small craft use; also engines, 
instrument boxes, stateroom partitions and 
furniture, and for special-purpose applica¬ 
tions. (See Chapter 52.) 

Architectural. —The major applications 
of these materials are for ornamental use, 
doors, windows, moldings, and sheet wall 
covering. 

Mining. —Applications of these mate¬ 
rials to this field are as mine cars, skips, 
cages, car loaders, drills, jack posts, rail- 
benders, punches, surveying instruments, 
shovel dippers and dragline excavators. 

Miscellaneous Applications. —These ma¬ 
terials are also used for the following 
products and equipment: 

Railroad tank cars 

Pressure vessels 

Storage tanks 

Chemical and dairy tank cars 

Electrical wire and cables 

Overhead traveling cranes 

Bridge floor systems 
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Table 2—Mechanical Properties of Aluminum Sand-Casting Alloys 
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Table 5—Typical Physical Properties of Wrought Alloys 


ASTM Commercial 
No. Designation Temper 


A2 

A2 

Ml 

Ml 

MGl 

MGl 

CS41 

CS41 

CM21 

CM21 

CG21 

CG21 

GRl 

GRl 

GS22 

GS22 

GS21 

GS21 

GS2 

GS2 

ZG42 

ZG42 


2S 
2S 
3S 
3S 
4S 
4S 
14S 
14S 
17S 
17S 
24 S 
24S 
52S 

53S & R353 
53S & R353 
61S & R361 
61S & R361 
63S 
63S 
75S 
7SS 


-O 
-H18 
-O 

-H18 

-O 

-H38 

-O 

-T6 

-O 

-T4 

-O 

-T3 

-O 

-H38 

-O 

-T4 or -T6 
-O 

-T4 or -T6 
-F 

-T5 or -T6 
-O 
-T6 


Specific 

Gravity 

2.71 

2.71 
2.73 
2.73 

2.72 
2.72 
2.80 
2.80 
2.79 

2.79 
2.77 
2.77 
2.68 
2.68 
2.69 

2.69 

2.70 
2.70 
2.70 
2.70 

2.80 
2.80 


Density, 
Lb./Cu. In. 


0.098 ) 
0.098 1 
0.099 
0.099 
0.098 
0.098 
0.101 
0.101 
0.101 
0.101 
0.100 
0.100 
0.097 
0.097 
0.097 
0.097 
0.098 
0.098 
0.098 
0.098 
0.101 
0.101 


» 

} 

I 

i 

} 

I 


Approximate 
Melting 
Range, °F. 

1190-1215 
1190-1210 
1165-1205 
950-1180 
955-1185 
935-1180 
1100-1200 
1075-1205 
1080-1205 
1140-1205 
890-1180 


Electrical 
Conductivity, 
% of Interna¬ 
tional An¬ 
nealed Copper 
Standard 


Thermal 
Conductivity 
at 25° C., 
C.G.S. Units® 

0.53 
0.52 
0.46 
0.37 
0.39 
0.39 
0.46 
0.37 
0.41 
0.29 
0.45 
0.29 
0.33 
0.33 
0.41 
0.37 
0.41 
0.37 
0.46 
0.50 


• • 


30 


• • 


0.29 


(free"centigrade*** ~ C; ‘ loHCS P " SeCO " d p ' r square centimeter Per centimeter of thickness per de 


Table 6—Typical Physical Properties of Casting Alloys 


ASTM Commercial 
No. Designation 


Temper 


SI. 
SI. 
CSS 
CS5 
SCI 


S2 

S2 


Cl 

Cl 

CS4 

CS4 

CS4 

SC9 

SC9 

SC21 

SC21 

SC21 

SC21 

SC21 

SGl 

SGI 

SGl 

SGl 


43 
43 
108 
108 
A108® 
112 
112 
195 
195 
B195 
B195 
B195 
319 
319® 
355 
355 
355 
355 

355 

356 
356 
356 
356 


Annealed 6 

Annealed 6 


Annealed 6 
-T 4 
-T 62 
-T4® 
-T6® 
-T62 


-T51 
-T6 
T61 
-T7 
-T6® 
-T51 
-T6 
-T7 
-T6® 


Specific Density, 
Gravity Lb./Cu In. 


2.64 

2.64 

2.73 

2.73 

2.77 
2.85 
2.84 
2.75 
2.75 

2.78 
2.78 
2.78 

2.74 
2.77 
2.66 
2.66 
2.66 
2.66 
2.69 
2.62 
2.63 
2.62 
2.66 


0.095 

0.095 

0.099 

0.099 

0.100 

0.103 

0.103 

0.100 

0.100 

0.101 

0.101 

0.101 

0.099 

0.100 

0.096 

0.096 

0.096 

0.096 

0.097 

0.095 

0.095 

0.09S 

0.096 


Approximate 
Solidification 
Range, °F. 


1155-1055 
1155-1055 
1170-960 
1170-960 
1140-960 
1150-950 
1 150-950 
1190-960 
1190-960 
1180-965 
1180-965 
1180-965 
1120-950 
1120-950 
1160-1000 
1160-1000 
1160-1000 
1160-1000 
1160-1000 
1145-1055 
1145-1055 
1145-1055 
1145-1055 


Electrical 
Conductivity, 
% of Inter¬ 
national An¬ 
nealed Copper 
Standard 


Thermal 
Conductivity 
at 25° C., 
C.G.S. Units® 


37 
42 
31 

38 

37 
30 

38 
35 
37 

35 
50 
• • 
27 
29 
43 

36 

37 

42 

39 

43 

39 

40 


0.35 

0.39 

0.29 

0.35 

0.34 

0.29 

0.35 

0.33 

0.35 

0.33 

0.45 


• • • 


Krce Cemifrad"^ ~ Ca ’° ri ' S "" SeCond per centimei^n^^T^i^^ 


0.27 

0.28 

0.40 

0.34 

0.35 

0.39 

0.36 

0.40 

0.36 

0.37 

0.38 


per dc- 


6 While castings are not commonlv annealed similar * , 

practice^' r r C ° f c .o° ,in S of thick sections a, compared with Thin ones viti ^ may result from 
practices. Comparison of the values for as-cast and • a,,d other variables in foundry 

tion h nf V d r lT t,0nS may expected, depending upon differences#h C,rnen i S Wl, »- show the extent to 
* n ®^. d .‘/J crcnt *yr»es of castings. 1 erences in thermal conditions in the nrnd.w-. 


tion different tyr»es of castings. 

Ch.ll cast samples; all other samples cast in green sand molds. 
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Table 7—. 

Approximate Tip Sizes and Gas 

Pressures for Gas Welding 


Metal 

Thick¬ 


- 1 ) vsr—T-T \rn rn crt*r> ■ 



^ | I V IF . LI A f l f 1 A - 



uxy-nyaroijcn 



v ^xy-/\cciy lene— 


ness, 

Diameter 

Oxygen 

Hydrogen 

Diameter 

Oxygen 

Acetylene 

B. & S. 

of Orifice 

Pressure, 

Pressure, 

of Orifice 

Pressure, 

Pressure, 

Gage 

in Tip, In. 

Psi. 

Psi. 

in Tip, In. 

Psi. 

Psi. 

24-22 


1 

1 

0.025 

1 

1 

20-18 

ml® 

1 

1 


1 

1 

16-14 

0.065 

2 

1 

0.045 

2 

2 

12-10 

0.075 

2 

1 

0.055 

3 

3 

1 /8- 8 /l0 

0.095 

3 

2 

0.065 

4 

4 

V4 

0.105 

4 

2 

0.075 

5 

5 

B /l0 

0.115 

4 

2 

0.085 

5 

5 

3 /s 

0.125 

5 

3 

0.095 

6 

6 

B /a 

0.150 

8 

6 

0.105 

7 

7 



Table 8—Data for Gas 

Welding Tank-Type Structures 




Diameter 

Wire 

Lb. Wire/ 

Lb. Flux/ 

Rate of 

Gage, 


Opening 

Diameter, 

100 Ft. of 

100 Ft. of 

Welding, 

In. 

Gas Used 

Tip, In. 

In. 

Weld 

Weld 

Ft./Hr. 

V10 

Oxy-hydrogen 

0.055 

0.125 

6.0 



Vs 

Oxy-hydrogen 

0.075 

0.146 

12.5 



V* 

Oxy-acetylene 

0.075 

0.184 

20.0 

5.5 


3 /8 

Oxy-acetylene 

0.084 

0.184 

30.0 

ajjjllji OMjffP 


V2 

Oxy-acetylene 

0.095 

0.250 

35.0 


3.5 

3 /s 

Oxy-acetvlene 

0.095 

0.312 

40.0 

wMBrelplMEi 

3.5 


Table 9—Electrode Sizes and Machine Settings for Manual Shielded Metal-Arc and Carbon-Arc 

Welding 


Metal 

Thickness, 

In. 

Electrode 

Diameter, 

In. 

Approximate 

Current, 

Amp. 

No. of 

Butt Joints 

passes 

Lap and 
Tee Joints 

Electrode Consumption No. of 
/—Lb./100 Ft. of weld—'Electrodes 
Butt Lap Tee per Lb. 

0.081 

Vs 

60 

1 

1 

4 7 

5.3 

6.3 

32 

0.101 

Vs 

70 

1 

1 

5.0 

5.7 

6.3 

32 

0.125 

Vs 

80 

1 

1 

5.7 

6.25 

6.3 

32 

0.156 

Vs 

100 

1 

1 

6.3 

6.5 

6.5 

32 

0.187 

B /32 

125 

1 

1 

8.7 

9.0 

9.0 

23 

0.250 

8 /10 

160 

1 

1 

12.0 

12.0 

12.0 

17 

0.375 

8 /i« for Laps and 








Fillets 

200 

2 

3 

25 

29 

35 

17 


Vi for Butts 








0.500 

3/10 for Laps and 








Fillets 

300 

3 

3 

35 

35 

35 

17 


V 4 for Butts 


Table 10—Machine Settings for Inert-Gas Metal-Arc Welding 


Metal 

Thickness, 

In. 

No. 

Passes 

Current, 

Amp. 

Electrode 

Diameter, 

In. 

Argon 

Volume, 

Cu. Ft./ 
Hr.® 

Cup 

Opening 
Diameter, 
Vie in. 

Welding 

Rod 

Diameter, 

In. 

0.051 

0.064 

0.081 

0.101 

0.125 

0.187 

0.250 

0.375 

0.500 

1 ,ooo B 
?.000 h 

1 

1 

1 

1 

1 

1 

2 

2 

3 

10-14 

20-30 

70 

80 

90 

120 

140 

160 

220 

300 

500 

500 

600 

Vie 

S /32 

3 /32 

V. 

Vs 

Vs 

3/l0 

V4 

V 4 

Vi.1 

B 'lfl 

12 

14 

14 

15 

15 

15 

20 

24 

24 

30 

30 

6 7 

7 

7 

7-8 

7-8 

7- 8 

8 

8- 10 

10 

10-12 

10-12 

1 /8 

1/f. 

b/ 32 

5/32 

3/82 

3/18 

3/l0 

V4 

V 4 

3 /10 

3/lfl 

a Multiply 

reading 

on oxygen flowmeter by 1.5 to 

convert from 

liters per minute to cubic 


fret per hour of r>rgon gas. 
b Preheat to 400° F. 
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Table 11. 

—Machine Settings for Automatic Carbon-Arc Welding 


Metal 

Thick¬ 

ness, 

In. 

Cur¬ 

rent, 

Amp. 

Arc 

Voltage 

Rod 

Size, 

In. 

Wire Speed. 
In./M in 

Rod Con¬ 
sumption, 
Lb./lOO 

Ft. of 
Weld 

Flux Con¬ 
sumption, 
Lb./lOO 
Ft. of 
Weld 

Welding 
Speed, 
In./Min. 

0.188 

0.250 

0.312 

0.375 

0.500 

310 

360 

380 

390 

410 

35 

36 

38 

38 

39 

S /S2 

6 /3* 

V4 

V4 

V4 

16.8 

20.3 

9.6 

10.2 

9.3 

2.5 

3.68 

4.78 

5.0 

7.8 

17 

21 

26 

28 

51 

16 

14 

12.3 

12 

7.1 


Table 

12—Machine 
Hydrogen 

Settings for 
Welding 

Atomic 

Metal 

Thick¬ 

ness, 

In. 

Cur¬ 

rent, 

Amp. 

Hydro¬ 
gen Con¬ 
sump¬ 
tion, 

Cu. Ft./ 

Hr. 

Weld¬ 

ing 

Rod 
Diam¬ 
eter, In. 

0.064 

10 

30 

*/• 

0.081 

15 

30 

Va » 

0.101 

21 

40 

6 /s2 

0.125 

27 

40 

Vie 

0.187 

33 

45 

F A V 

a /i« 

0.250 

39 

45 

a /lA 

0.375 

45 

45 

V* 


Table 13—Brazing Filler Metal 


Nominal 

Composition 


Melting 
Range. ° F. 


Al-5% Si 
A1-7.5% Si 
A1-10% Si 
A1-12% Si 
Al-10% Si-4% Cu 


1070-1165 
1070-1135 
1070-1100 
1070-1080 
970-1085 


Thickness. 

In. 


0.016 

0.020 

0.025 

0.032 

0.040 

0.051 

0.064 

0.081 

0.102 

0.128 


1 able 14—Machine 

Settings for 

Time. 


Cycles 


(60 per 

Current. 

Sec.) 

Amp. 

4 

14.000 

6 

16.000 

6 

17.000 

8 

18.000 

8 

20.000 

10 

22.000 

10 

24.000 

12 

28.000 

12 

32.000 

15 

35.000 


C. Spot Welding 


tlectrode Force, 
Min. 

Lb. 

Max 

200 

400 

300 

500 

300 

500 

400 

600 

400 

600 

500 

700 

500 

700 

600 

800 

800 

1000 

800 

1200 


ble IS—Machine Settings for Spot Welding Aided or Pureclad 24<3 T I 

_ «d Condenser - Dischargo Equipment Wlth Elect —«anetic 


Sheet 

Thickness. 

In. 


0.020 

3 in 

0.025 

3-in 

0.032 

3-in 

0.040 

3-in 

0.051 

4 in 

0 064 

4-in 

0.072 

4-in 

0.081 

4 in 

o 091 

4 in 

0 102 

6 in 

0 125 

6 in 

a For 

cond 


Electrode 
Tip Contour 


Dome 

Dome 

Dome 

Dome 

Dome 

Dome 

Dome 

Dome 

Dome 

Dome 

Dome 


Electrode 

Weld 

350 

390 

440 

500 

620 

700 

770 

840 

900 

10^0 

1250 


Force. Lb. 
Forge 

900 
975 
1100 
1250 
1550 
1750 
1925 
2100 
22 50 
2600 
3100 


Welding 

Current, 

Amp. 

23.600 

25.500 
28.000 
31.000 

36.500 
41.000 
44.200 

47.600 
51.000 
57.900 
66.800 


Shear 

Strength, 

Lb. 


f or condenser discharge machines 


210 

300 

430 

580 

820 

1060 

1210 

1380 

1570 

1850 

2180 


Trans¬ 

former 

Turns 

Ratio 0 


300 

300 

300 

300 

300 

300 

450 

450 

450 

450 

450 
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Table 16- 

—Suggested Spot-Weld Electrode Tip 

Radius 





-Thickness of Parts, 
0.033- 



Temper 

Up to 

0 . 021 - 

in. 

0.065- 

0.095- 

0.020 

0.032 

0.064 

0.094 

0.125 

Annealed and as-extruded 
Intermediate tempers of 

2 

3 

4 

4 

• • 

nonheat-treated alloys 

2 

3 

3 

4 

4 

Heat treated 

1 

2 

3 

4 

4 


Note: If flat surface on one side is required, one electrode face is made to above radius and 
other is flat. 



Table 17- 

—Minimum Shear Strength for Spot Welds 


Nominal 

Ultimate 

-Aluminum and Aluminum 

Ultimate 

Alloys, Bare and Clad- 
Ultimate 

Ultimate 

Strength. 
56,000 Psi. 

Strength, 

Strength, 

Strength, 

Thickness 

28,000 Psi. to 

19,500 Psi. to 

Below 

of Thinner 

and Above 

56.000 Psi. 

28.000 Psi 

19.500 Psi. 

Sheet, In. 

(Min.), Lb. 

(Min.), Lb. 

(Min.), Lb. 

(Min.), Lb. 


0.010 

60 

50 

• • 

• • 

0.016 

108 

98 

70 

50 

0.025 

185 

175 

145 

110 

0.032 

260 

235 

210 

165 

0.040 

345 

310 

300 

225 

0.051 

480 

442 

410' 

300 

0.064 

690 

625 

565 

400 

0.072 

845 

735 

655 

455 

0.081 

1050 

865 

775 

530 

0.094 

1345 

1065 

900 

627 

0.102 

1535 

1200 

950 

685 

0.114 

1830 

1360 

1005 

740 

0.125 

2120 

1625 

1050 

785 

0.140 

2525 

• • • • 

• • • • 

• • • 

0.156 

2995 

• • • • 

• • • • 

• • • 

0.189 

4000 

• • • • 

• • • • 

• • • 


Table 18—Machine Settings for Producing Continuous, Gas-Tight Seam Welds'* 


Thickness 
of One 
Sheet. In. 

Spots 
per In. 

On 

Plus 

Off 

Time.® 

Cycles 

Electrode 
Travel 
Speed , 6 
Ft./Min. 

On Time, 
Min. 

c Cycles 
Max. 

Welding 
Pressure,** 
Lb. 

Welding 
Current, d 
Amp. 

Width of 
Weld, In. 

0.010 

25 

3Va 

3.4 

V* 

1 

420 


0.08 

0.016 

21 

3Vs 

4.1 

Va 

1 



0.09 

0.020 

20 

4Va 

3.3 

Va 

lVa 

540 


0.10 

0.025 

18 

5 V 2 

3.0 

1 

lVa 

600 


0.11 

0.032 

16 

5Va 

3.4 

1 

lVa 

690 


0.13 

0.040 

14 

7Va 

2.9 

lVa 

2Va 

760 


0.14 

0.051 

12 

9Va 

2.6 

lVa 

3 

860 


0.16 

0.064 

10 

IIV 2 

2.6 

2 

3Va 

960 


0.19 

0.081 

9 

1 5 1 / 2 

2.1 

3 

5 

1090 

41.000 

0.22 

0 . 10 ? 

8 

20Va 

1.8 

4 

6 Va 

1230 


0.26 

A A A 

0.128 

7 

28 V 2 

1.5 

5Va 

9Va 

1350 


0.32 


n Use next higher full cycle setting if timer is not equipped to give antipole starting of cur 
6 Should be adjusted to give desired spots per inch. , . 

e On time must be set at full cycle setting if On plus Off time is set at full cycle s ^j tin? v r « _ 
a Welding pressure and welding current are adjusted to give desired width of weld, 
are for 52S-H14 aluminum alloy. Use lower pressures for 52S-0 or 3S-H14 aluminum a y 
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MAGNESIUM AND MAGNESIUM ALLOYS* 


GENERAL PROPERTIES 

Magnesium and all of the commercial 
magnesium alloys produced in the form of 
sheet, plate, extrusions and sand or per¬ 
manent mold castings are weldable. The 
commercial welding processes most widely 
used are inert-gas metal-arc welding, gas 
welding and spot welding. Other proc¬ 
esses used include brazing and soldering, 
and to a lesser extent seam, flash and 
pressure welding. All of these processes 
are discussed in this chapter, along with 
the common applications and limitations 
of each. In addition, certain secondary 
considerations such as cleaning, chemical 
treatments, inspection and testing, and 
stress relieving are covered. 

In order to effectively weld magnesium 
and design welded structures for magne¬ 
sium alloys, an understanding of the gen¬ 
eral properties of the metal itself is neces¬ 
sary. The following section covers the 
basic physical, chemical and metallurgical 
characteristics of magnesium and the 
compositions and properties of its com¬ 
mercially used alloys. Also discussed are 
the effect of alloy composition on the weld¬ 
ability and other metallurgical factors 
concerned with weld properties obtained. 

Basic Characteristics 

Magnesium is well known for its ex¬ 
treme lightness, excellent machinability 
and weldability as well as the high 
strength-to-weight ratio of its alloys. 
It has a specific gravity of 1.74 and weighs 
109 lb. per cu. ft. or approximately 1 oz. 
per cubic inch. It is roughly one-fifth 
the weight of steel and two-thirds the 
weight of aluminum. Pure magnesium 
melts at 1204°F. and boils at 2007°F. 
Its degree of contraction from a liquid to 
a solid at its melting point is about 4.3% 

* Prepared by a committee consisting of I. 
C. Mattson, Dow Chemical Co., Chairman; G. 
O. Hoglund, Aluminum Company of America; 
T. E. Piper, Northrop Aircraft. Inc. 


and from a liquid at its melting point 
to a solid at room temperature, about 
9.7%. The average coefficient of ther¬ 
mal expansion for magnesium alloys in 
the range form 65 to 750 °F. is about 
0.000016 in. per in. per °F. The total 
heat of fusion is approximately 31,000 
joules per cubic inch. 

From the standpoint of welding, one 
important characteristic of magnesium is 
its rapid oxidation when heated to its 
melting point in air. For this reason, 
the arc or gas welding of magnesium 
requires the use of a protective shield 
such as an inert gas when arc welding or 
a flux when gas welding. The oxide 
formed on magnesium surfaces recrys¬ 
tallizes at high temperatures and becomes 
flaky so that the film tends to break up 
more readily during welding than the 
similarly formed oxide on aluminum. 
Magnesium oxide (MgO) is highly re¬ 
fractory and insoluble in both liquid and 
solid magnesium. In inert-gas arc weld¬ 
ing, magnesium nitride (MgsN*) is some¬ 
times formed as an orange-colored deposit 
on the tungsten electrode. The nitride is 
relatively unstable and readily decomposes 
in the presence of moisture. None of the 
fumes given off in the welding of mag¬ 
nesium are known to be either harmful 
or toxic. 

Because of its comparatively low melt¬ 
ing point, latent heat of fusion and spe¬ 
cific heat per unit volume, the amount of 
heat required to melt magnesium is rela¬ 
tively small. On an equal volume basis, 
the total heat for fusion is approximately 
two-thirds that for aluminum and one- 
fifth that for steel. The high coefficients 
of thermal expansion and conductivity 
tend to cause considerable distortion when 
welding magnesium unless proper precau¬ 
tions are taken. In this respect, magne¬ 
sium is more critical than steel and be¬ 
haves more nearly like aluminum. 

Magnesium and its alloys have a hexag- 
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onal close-packed crystal structure and 
the amount of deformation which can be 
performed at room temperature is rather 
limited. The allowable deformation, how¬ 
ever, improves rapidly with increase in 
temperature so that at temperatures from 
400 to 600 °F. the metal can be more 
severely worked than other structural 
metals at room temperature. Because of 
this, forming operations such as drawing, 
bending and spinning, as well as weld 
peening and straightening are generally 
done hot. 

The probability of fire when welding 
magnesium alloys is very remote. No 
serious fires have ever been reported as 
having been caused by welding. Mag¬ 
nesium alloys will not ignite until their 
temperature of incipient fusion is reached, 


magnesium alloys is better than that of 
ordinary iron and on a par with some of 
the aluminum alloys in normal atmos¬ 
pheres. A gray oxide film forms on the 
surfaces but this is usually the extent of 
attack. For maximum corrosion resist¬ 
ance, chemical surface treatments and 
paint finishes are used. Plating may also 
be used. Galvanic type of corrosion can 
be serious when magnesium is in direct 
contact with other metals in a corrosive 
atmosphere or electrolyte. It can be 
avoided by proper selection of metals in 
contact with the magnesium, or by insula¬ 
tion between the dissimilar metals. An¬ 
other type of corrosive attack to which 
some of the higher-alloy-content magne¬ 
sium alloys are susceptible is stress corro¬ 
sion. As encountered in other metals, 


Table 1—Commercial Magnesium Alloys 


Specific:.tions and Designations 
ASTM a Anny-Navy Dow AMC 6 


'-Typical Mechanical Properties-* 

xr • i tt. • Coniprcs- 

Nominal Ultimate Tensile sive 

Compositions % TensiJe Yield Yield Elonga- 

( a ? . = ^ ema T (ier ) Strength, Strength, Strength, tion, % 

A1 Zn Mn psi. psi. ps i. in 2 In. 


Sheet and Plate 


Ml (A) AN-M-30 
Ml (H) AN-M-30 
AZ31X(A) AN-M-29 
AZ31XU-I) AN M 29 


Ma 

AM3SO 

• • • 

• • • 

1.5 

33,000 

Mh 

AM3S-H 

• • • 

• • • 

1.5 

37,000 

FS-1 a 

AM C52S O 

3.0 

1.0 

0.3 

37,000 

FS-lh 

AM-C52S-H 

3.0 

1.0 

0.3 

43,000 


Extruded Shapes and Structural Sections 


Ml 

AZ31X 

AZ61X 

AZ 80 X 


AZ63« 

AZ92® 


AN-M-26 
AN-M-27 
AN-M-24 
AN M-25 


M 

FS-1 

J-l 

0-1 


AM3S 

• • • 

• • • 

1.5 

AM C52S 

3.0 

1.0 

0.3 

AM-C57S 

6.5 

1.0 

0.2 

AM C58S 

8.5 

0.5 

0.2 


Sand Castings 

AM265 T6 

6.0 

3.0 

0.2 

AM260-T6 

9.0 

2.0 

0.1 


36,000 

38,000 

44,000 

46,000 


40,000 

40,000 


17,000 

29,000 

22,000 

33,000 


25,000 

29,000 

31,000 

32,000 


19,000 

23,000 


15,000 

20,000 

16,000 

26,000 


11,000 

20,000 

20,000 

22,000 


19,000 

23,000 


17 

8 

21 

11 


9 

14 

16 

14 


5 

2 


in ff • , ° asc(1 on ,e , ltc . r and numeral combinations 

g elements and nominal percentages of these elements present. The 

the controlled high purity type, (A) annealed and (H) hard rolled 
American Magnesium Corp. 
c Ileat treated and aged. 


denoting the major alloy- 
suffix A denotes alloys of 


and then sustained burning will occur only 
if this temperature can be maintained in 
the metal. Magnesium fires usually result 
from the ignition of finely divided particles 
such as grinding dust, mill shavings, 
borings or routing chips. Dry sand, cast- 
iron chips, dry powdered soapstone or, 
preferably, one of the graphite-type ex¬ 
tinguishers specifically recommended for 
magnesium fires, should be strategically 
located throughout any area where ma¬ 
chining and welding operations are con¬ 
ducted. Fine particles should be collected 
in suitable oil baths and stored in closed 
steel containers. 

The corrosion resistance of present-day 


stress corrosion may result in cracking 
around welds over a period of time if 
the residual stresses remaining after 
u elding are not removed or decreased be¬ 
low a certain critical value by adequate 
stress relieving. 


Magnesium Alloys* 


Commercial magnesium is usually al¬ 
loyed with various amounts of aluminum, 
manganese and zinc to obtain maximum 
strength and corrosion resistance. The 
most commonly used magnesium alloys 


usrr, (nr- r =a,Knauo 1 ns ,or magnesium 

used for reference throughout chapter. 
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and their designations, compositions and 
mechanical properties are given in Table 
1. Table 2 gives the physical properties 
of these alloys and can be used to com¬ 
pare their welding behaviors. 

The two alloys, AZ31X and Ml, in 
the form of sheet, plate and extrusions, 
are most widely used for applications in¬ 
volving welding. AZ31X alloy has good 
strength, ductility, toughness and forma- 
bility and is generally used for high- 
strength arc-welded structures. Ml alloy 
is used more for applications involving 
gas and arc welding where stress re¬ 
lieving after welding is not practical or 
necessary. Neither of these alloys can 
be heat treated to improve its proper¬ 
ties, but they are available in the hard- 
rolled condition if higher strength proper¬ 
ties are desired. AZ61X and AZ80X alloy 
extrusions or forgings can be welded sat¬ 
isfactorily but are used less frequently 
than Ml and AZ31X. The AZ92 and 
AZ63 alloys are used almost exclusively 
in the production of sand and permanent 
mold castings. Because of their higher 
alloy contents these alloys are more sen¬ 
sitive to weld cracking than the wrought 
alloys and are usually preheated before 
welding. Ml alloy castings are used for 
aircraft oil and fuel tank fittings and are 
generally gas welded to Ml alloy sheet. 


sium alloys are known to make them less 
susceptible to burning. Beryllium addi¬ 
tions have been made to magnesium alloy 
welding rods but they are not considered 
especially beneficial as far as arc and gas 
welding are concerned. In furnace braz¬ 
ing, however, beryllium is added to the 
brazing alloy to assure freedom from pos¬ 
sible ignition in the furnace because of the 
high temperatures employed. 

Metallurgy of Welds 

The strength of arc and gas welds in 
all magnesium alloys except Ml is fairly 
high due to their fine grain size which 
averages around 0.001 in. as compared to 
0.003 to 0.015 in. in castings and about 
0.0005 in. in sheet. Spot welds have 
slightly finer grain size than arc or gas 
welds. Welded joints usually fail in the 
heat-affected zone adjacent to the weld 
rather than in the weld metal. This is 
due to a slight grain growth in the 
parent metal caused by the welding ther¬ 
mal cycle and, in some cases, an anneal¬ 
ing or an overaging effect outside the 
weld zone. In the high aluminum-zinc 
casting alloys, another welding effect 
exists in that incipient fusion of the eu¬ 
tectic may result in small voids in the 
area around the weld. 

Weld metal usually consists of a homo- 


Alloy 


Table 2—Physical Properties of Magnesium Alloys 


Thermal 

Conductivity 

Approximate (C.G.S. 

Solidification Units), 

Range, °F. 212°F. 


Specific 
Heit 
Per Unit 
Volume, 
68-212°F. 


Approximate 
Thermal 
Diffusivity 
per Unit 
Volume 


Electrical 

Resistivity, 

Microhm- 

centimeters, 

68°F. 


Density, 
lb./cu. in. 


Ml 

1200-1185 

AZ31X 

1170- 970 

AZ61X 

1135- 950 

AZ63 

1130- 685 

AZ80X 

1115- 890 

AZ92 

1110- 770 


0.30 

0.44 

0.23 

0.44 

0.19 

0.45 

0.18 

0.46 

0.18 

0.45 

0.16 




■m 












0.064 

0.064 

0.065 

0.066 

0.065 

0.066 


Magnesium alloys using tin, zirconium, 
cerium and beryllium as alloying ele¬ 
ments are being produced. A tin-alumi¬ 
num alloy, TA54, is used for forging 
and can be satisfactorily welded. Zinc- 
zirconium alloys, such as ZK60, are used 
for applications requiring the highest 
strength properties. They have limited 
weldability, however, due to their high 
zinc content. Cerium-manganese alloys, 
containing 5 to 6% cerium and 2% 
manganese, are used for high tempera¬ 
ture applications and can be easily welded. 
Small additions of beryllium to magne- 


geneous mixture of deposited metal and 
parent metal with little loss in alloying 
elements due to either vaporization or 
diffusion. A list of commercial magne¬ 
sium welding rod alloys and their com¬ 
mon uses is given in Table 3. The use 
of a filler metal with a lower melting 
point and greater freezing range than 
the base metal is often advantageous from 
the standpoint of operating characteris¬ 
tics, or whenever cracking is probable. 
It is also possible to obtain slightly 
higher weld strengths with higher alloy 
content filler metal. 
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current has been introduced. With a.c., 
single-pass butt welds can be made in 
magnesium plate over 1-in. thick without 
requiring any beveling or root opening. 
For welding thin sheet material both a.c. 
and d.c. equipment are satisfactory. 
Direct current may be more suitable in 
some cases when welding without a back¬ 
ing. In general, welds made with direct 
current have a smoother surface appear¬ 
ance than welds made with alternating 
current. 

Direct current welding machines should 
be equipped with a continuous amperage 
control in the low ranges to obtain the 
fine current adjustments needed. Only 
reverse polarity, electrode positive, is 
practical since straight polarity is diffi¬ 
cult to handle. It is desirable that a.c. 
machines be equipped with a primary 
contactor which can be operated by a 
control switch on the torch or by a foot 
switch for starting and stopping the arc. 
Otherwise, arcing while approaching or 
drawing the electrode away from the 
work may result in burned spots on the 
surfaces. 

Shielding Gas .—Both helium and argon 
can be used as the shielding gas for a.c. 
or d.c. welding. With d.c., helium is 
generally preferred because of the better 
arc stability obtained. When using argon, 
a much closer arc length must be held 
due to its lower ionization potential and 
loss of cathode spot with arc lengths 
greater than 1 / >0 inch. With direct cur¬ 
rent and helium, the electron current is 
carried by the magnesium ions present. 
The same is true with argon at arc volt¬ 
ages below the first ionization potential of 
argon, i.e., about 16 volts. Further dis¬ 
cussion of arc characteristics is given in 
Chapter 12. 

With a.c., argon is most frequently 
used because of its greater density. There 
seems to be no appreciable difference in 
arc characteristics with these gases when 
welding with alternating current. The 
argon or helium used must be of very high 
purity. Presence of small amounts of 
moisture, hydrogen or hydrocarbons will 
result in porous welds. Nitrogen is not 
known to be critical in amounts below 
1 c /o but about 7%, will decrease the 
welding speed bv about one-half. 

Base-Metal Preparation .—The bright- 
chrome-pickle is recommended for chemi¬ 
cal cleaning of production parts to be arc 
welded. Mechanical cleaning can be done 


satisfactorily with steel wool, abrasive 
cloth or power wire brush. Edges to be 
welded should be smooth and free from 
loose pieces or pits which might contain 
any contamination such as oil or oxida¬ 
tion products. Milled, sawed, routed, 
sanded or filed edges are satisfactory. 
Sheared edges are satisfactory for tliin- 
gage sheet stock up to about 0.080 inch. 
Thicker gages should be double-sheared, 
which consists of cutting a thin strip to 
final dimensions on the second shear cut. 
The welding rod to be used should be 
cleaned with steel wool, or by a bright- 
chrome-pickle treatment in the case of 
coiled rod. 

Typical joint preparations used for 
welding various gages of magnesium sheet 
and plate by inert-gas metal-arc welding 
are shown in Fig. 1. In general, less 
preparation is required for welding with 
a.c. than for welding with d.c. because of 
t lie greater penetration obtained. A 
slight bevel or chamfer is sometimes used 
on the bottom edges of square butt joints 
to avoid a thin dark oxide line on the 
weld bead. Flanged edges are not nor¬ 
mally used because of the inability to 
make sharp bends on magnesium sheet 
without the use of heat. Double-beveled 
joints are usually more desirable than 
single-beveled joints from the standpoint 
of distortion. 

Abutting edges should fit as tightly as 
possible. A tapered opening of about 
'/» in. per foot of seam length can be 
employed on long straight seams to mini¬ 
mize distortion if jigging is not to be 
used. Tack welds should range in size 
and spacing from Vm-in. tacks 1 or 2 
in. on centers in 0.064-in. sheet to about 
/*-in. tacks 4 or 5 in. on centers in 
1 /4-in. plate. To prevent the seam pulling 
apart, tack welds should start a short 
distance from the end of the seam. 
Straightening during and after tacking 
can be accomplished by hammering with 
a soft leather or wood mallet. Tack 
welds used for welding reinforcement 
sections onto flat panels usually give less 
distortion when tacks are placed opposite 
rather than staggered. 

Welding jigs are necessary for most 
production work especially for thin sheet 
material. Due to the high coefficients of 
thermal conductivity and expansion of 
magnesium alloys, these jigs must be 
very rigid to resist any movement of 
parts during welding. Hold-down bars 
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DC. 


A. C. 


Up to 3/16" 



3/16" to 1/4" 


H 


1/4 ond over 


Up to 1/4 


II 


90° DC 

N \ 60 °ACX 



1/4" to 3/8" 


90* DC tl/32 " 10 1/8 

n^60°ac y. 


II 


\/ I l/)6"to 1 

3/16 i 
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3/8 and over 


(I ) Up to 1/8 


II 


(2) Up to 1/16 


II 


T 


\ 
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/' 4 
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Up to 3/4 
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Up to 1/4 


II 


(2) Up to 1/8 


M 


II 


1/8 and over 


l 


1/4 t 
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\45°AC 


h 


X 


i 




60° DC 
4 5° AC 


1/4 t 


} 


1/4" and over 



to 3/4" 


Fig. 1.—Joint Preparation for Inert-Gas Metal-Arc Welding 
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must exert enough pressure to prevent 
the edges from lifting over each other or 
raising away from the backing plate. 
Backing plates (see Table 5) can be 
made from magnesium, steel or alumi¬ 
num. The size of groove required in 


Table 5—Backing Plate Groove Dimensions for 
Inert-Gas Metal-Arc Welding 

Material Thickness, In. 

Depth > 

: Width, In. 

Up to 0.064 

Vn 

X 

v « 

0.064-0.102 


X 

Vie 

0.102-0.188 

*/» 

X 

v « 

0.188-0.250 

v « 

X 

Vie 

V« 

Vl 

X 

Vs 

*/• 

Vn 

X 

‘/i 

V* 

v « 

X 

v « 


the backing plate depends upon the thick¬ 
ness of the material welded. It is im¬ 
portant that the backing plate be free 
from all traces of oil or rust to avoid 
porosity. Cleaning with carbon tetra¬ 
chloride or other suitable solvents before 
welding may be necessary. 

Welding Technique .—Data pertaining 
to current settings, inert-gas flow, tung¬ 
sten electrode size and welding rod size for 
d.c. and a.c. welding of various gages of 
magnesium alloy sheet and plate are 
given in Table 6. The amount of gas 


after the arc is stopped to protect the 
weld metal and electrode while cooling. 

Details of the operation of the welding 
torch are covered in Chapter 12. Briefly, 
the d.c. arc is established by brushing the 
electrode over the surface. The average 
arc length should be about l /s in. when 
using helium and about Vie in. when 
using argon. With a.c., it is desirable 
to start and stop the arc by means of a 
remote control switch. When welding 
with a.c., the end of the electrode can be 
held almost flush with or slightly below 
the surface of the work to get maximum 
penetration. Accidental touching of the 
surface with the electrode will not tend 
to cause it to stick to the magnesium as 
in welding other metals. The torch 
should be held with the electrode nearly 
perpendicular to the work, and the weld¬ 
ing rod added from a position as nearly 
parallel with the weld surface as practical. 

Welding should progress in a straight 
line along the weld seam at a uniform 
rate of speed so that an even bead is 
deposited. A weaving or rotary motion 
is not recommended except for large 
corner joints or fillet welds. A back- 
and-forth motion is preferred in such 
cases. Forehand welding is most satis- 


Table 6 Data for Manual Inert-Gaa Metal-Arc Welding of Magnesium Alloys 


Number 

Material of 

Thickness, In. Passes 


Welding Current. 0 Amp. 
AZ3 1 X Alloy Ml Alloy 


Electrode 

Diameter, In. Welding 
A.C. D.C Diameter 


Gas Flow, 

Rod Cu. Ft./Min. 
In. Argon Helium 


Sheet Material 


0.040 

1 

35 

0 064 

l 

50 

0.081 

1 

65 

0 102 

1 

85 

0.128 

1 

100 


45 

*/n 

Vi* 

60 

Vn 

Vs 

80 

V« 

V. 

100 

Vs 

Vie 

115 

Vi 

Vie 


Plate Material 


>/s 

0.2 

0.4 

Vs 

0.2 

0.4 

Vs 

0.2 

0.4 

Vs 

0.3 

0.5 

Vn 

0 3 

0.6 


Vu 

a i 

1 

140 

160 

Vie 

2 

100 

100 

‘/e 

1 

180 

200 

V* 

2 

115 

125 

V« 

1 

250 

270 

*/i 

2 

140 

100 

V* 

2 

310 

330 

'/i 

2 

420 

450 


° Current values given for welding with a backing 
joints. Slightly lower current values used for weldi 
corner or edge joints. 


Vie 

Vu 

v « 

0.3 

0.6 

Vs 

Vu 

Vn 

0.3 

0.6 

Vie 

Vs 

Vie 

0.3 

0.8 

*/• 

• / 

v « 

Vn 

0.3 

0.6 

Vu 

- • • 

Vie 

0.4 

0.8 

Vu 

Vu 

Vu 

0.3 

0.8 

'/« 

• • • 

Vu 

0.4 

0.8 

Vie 

• • • 

v « 

0.0 

1.2 


plate. Table 5, and for making tee and lap 
ig without a backing plate and for making 


flow required varies with the type and 
size of weld being made. Approximately 
twice as much helium as argon is neces¬ 
sary to afford the same protection. 
Ideally, the gas should start flowing a 
fraction of a second before the arc is 
struck and continue for a few seconds 


factory. The welding rod can be fed 
either continuously or intermittently. To 
avoid undue oxidation, it should not be 
withdrawn from the protective atmos¬ 
phere of the gas shield during welding. 
Vertical, horizontal and overhead welds 
can be made in magnesium alloys with 
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about the same technique as used on steel 
and aluminum. 

Control of distortion may present a 
problem due to the high coefficients of 
thermal expansion and conductivity of 
magnesium alloys and their appreciable 
softening at welding temperatures. Rigid 
jigging, small beads, chilling and selected 
sequence of welding assist in controlling 
distortion as in welding other metals. 
Magnesium parts can be readily straight¬ 
ened after welding by clamping and hold¬ 
ing in position while being heated to tem¬ 
peratures from 300 to 400°F. It is com¬ 
mon practice to combine straightening 
operations with stress-relief heat treat¬ 
ments as discussed in a later section on 
stress relieving. If local torch heating is 
used for straightening, care must be taken 
so as not to overheat the material and 
destroy its properties. The temperatures 
recommended for stress relieving should 
not be exceeded. 

If cracking is encountered it can be 
eliminated by factors which tend to in¬ 
crease the weld cooling rate and de¬ 
crease the weld shrinkage. Lower melt¬ 
ing point and lower shrinkage filler metal, 
smaller weld beads, faster welding speeds 
and jigging are beneficial. Welds in hot- 
short alloys should be started away from 
the end of the seam to avoid cracking. 


Cleaning of arc welds merely requires 
wire brushing to remove the slight oxide 
deposit on the surface. Structures and 
parts are then ready for either a chrome- 
pickle or dichroinate treatment followed 
by painting if desired. For some indus¬ 
trial applications, no additional surface 
treatment is necessary. Arc welds in 
magnesium alloys other than Ml alloy are 
sensitive to stress corrosion cracking un¬ 
less relieved as recommended in the sec¬ 
tion on stress relieving. 

Machine Welding .—Practically the 
same procedures employed in manual 
welding apply to machine welding, ex¬ 
cept for the higher currents and faster 
speeds generally used. Speeds up to 80 
in. per min. can be used on thin gage 
sheet; however, speeds of 6 to 20 in. 
per min, are more common. Data given 
in Table 7 can be used as a guide for de¬ 
termining settings for automatic welding. 

An important factor in machine weld¬ 
ing is the proper and constant alignment 
between the electrode and welding rod. 
The welding rod should be fed into the 
arc at a low angle to the work so that 
it touches the weld surface immediately 
ahead of the electrode. Automatic arc- 
voltage control can be used in welding 
with d.c. when helium is used for shield¬ 
ing. In this case, an operating arc- 


Table 7—Data for Automatic Inert-Gas Metal-Arc Welding" 


Electrode 


Material 

Welding 

Welding 

Diameter, In. 

Thickness, In. 

Current ,b Amp. 

Speed,f> In./Min. 

AC. 

D.C. 

0.040 

55 

20 

V« 

Vi 

0.064 

75 

18 

*/j2 

Vi 

0.081 

95 

17 

V« 

Vie 

0.102 

115 

16 

Vi 

Vie 

0.128 c 

150 

14 

Vi 

Vi 

0. 188 

250 

12 

Vie 

• • • 

0.250 

350 

10 

Vi 

• • • 

0.375 

450 

8 

Vi 

• • • 

0.500 

550 

6 

Vie 

• • • 


Welding Rod 
Diameter, In. 

v« 

3 /l2 

V n 

Vs 

Vs 

Vs 

Vs 

Vtt 

V 32 


« Data for machine welds made on square butt joints with backing plates and holddown bars. Gas 
flow slightly greater than that used for manual welding of equivalent material thicknesses because 

^Current 6 values and welding speeds only approximate for welding AZ31X and Ml alloys. Lower 
welding currents and slower speeds may be more desirable when welding with d.c. 

0 Maximum thickness recommended for welding with d.c. 


Sometimes welds located close to a sharp 
bend are more apt to crack than those 
located outside of an area previously de¬ 
formed. In the high-calcium-bearing 
AZ31X sheet, it is possible that the resid¬ 
ual stresses remaining from previously 
deposited welds may make it difficult to 
repair or deposit subsequent welds located 
in close proximity to the original weld 
without first stress relieving. 


voltage control setting of about 18 volts 
should be used. When using argon, a 
preset arc length has to be used because 
of the unsatisfactory arc-voltage vs. arc- 
length relationship at arc voltages above 
15 or 16 volts. A preset arc length is 
generallv used for machine welding wit i 

alternating current. . 

Properties of Arc Welds.—J ypical 

strength properties of butt welds in mag- 
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nesium alloy sheet, plate, extrusions and 
castings are given in Table 8. The values 
given are for welds with the weld bead 
reinforcements left on. Except for Ml 
alloy, the tensile strengths of arc welds 
are usually better than 90% of the strength 
of the annealed parent metal. Lower weld 
joint efficiencies are obtained in hard- 
rolled sheet because of the annealing effect 
from welding. There is no appreciable 
difference between the properties of welds 
made with direct or alternating current. 


AZ31 alloy sheet, and 6000 psi. in Ml 
alloy sheet. These values are based on 
tension-tension type fatigue strengths at 
a minimum to maximum stress ratio of 
0.25 and 10 million cycles, with the weld 
bead reinforcements left on. The same 
limits for the unwelded sheet alloys are 
18,000 and 15,000 psi., respectively. 

On long-time exposures in normal at¬ 
mospheres, inert-gas metal-arc welds 
show little sign of corrosive attack. 
Small particles of tungsten inclusions in 


Table 8—Typical Strength Properties of Inert-Gas Metal-Arc-Welded Butt Joints 


Material 

Welding 

Rod 

Tensile 
Strength. Psi 

Elongation, 

% in 2 In. 

Joint 

Efficiency, % 



Sheet and Plate 


M1(A) 

Ml 

20.000 

2.0 

60 

M1(H) 

Ml 

22,000 

1.5 

CO 

AZ3IX(A) 

AZ61 

36.000 

12.0 

97 

AZ31X(H) 

AZ61 

37.000 

10.0 

86 



Extrusions 



Ml 

Ml 

20,000 

2.0 

55 

AZ31X 

AZ61 

35.000 

12.0 

92 

AZ61X 

AZ61 

40.000 

8.0 

91 

AZ80X 

AZ92 

42,000 

4.0 

91 



Castings 



AZ63° 

AZ63 

28,000 

3.0 

70 

AZ92° 

AZ92 

28,000 

3.0 

70 

a Heat treated and aged. 


As a general rule, arc welds made be¬ 
tween dissimilar magnesium alloys result 
in joint strengths approximately equal 
to those obtained in the alloy which has 
the lower weld strength. 

Peening increases weld strengths slightly 
but is seldom warranted because of the 
danger of overpeening and cracking. If 
welds are to be pecned, they should be 
heated to temperatures of 300 to 400 °F. 
Aging of welds in AZ80 alloy extrusions 
will increase weld strengths about 5 to 
10%. However, such aging is not too 
practical because of the long treatment 
time, 12 hours at 350°F. There is some 
improvement in weld strengths through 
the use of higher alloy content filler 
metal, especially when the weld beads are 
ground flush. Welds made in AZ31 
alloy sheet material with AZ61 or AZ92 
rod have strengths 2000 to 3000 psi. 
higher than those made with AZ31 rod. 
The temperatures and heating cycles 
recommended for stress relieving do not 
affect the strength properties of the welds. 

Data available on the fatigue strength 
of arc welds in magnesium alloys are 
quite limited. A fatigue limit of 10,000 
psi. has been obtained for butt welds in 


the weld will not affect the corrosion 
resistance nor do they show a detri¬ 
mental effect on weld properties. They 
are extremely hard, however, so that 
high-speed machining or shearing of arc 
welds is not recommended. 

Gas Welding 

Ml alloy in the form of sheet, extru¬ 
sions or castings is the most suitable 
magnesium alloy for gas welding. Weld¬ 
ing of the alloys having a wider solidi¬ 
fication range is less satisfactory from 
the standpoint of sagging, cracking or 
possible flux entrapment. Because of the 
corrosiveness of the flux used, gas weld¬ 
ing is restricted almost exclusively to 
simple butt and corner joints in which 
all traces of flux can be completely re¬ 
moved after welding. Gas welding has 
been used mostly in the manufacture of 
magnesium aircraft oil and fuel tanks. 
In such applications, it has the advantage 
oyer arc welding in that fit-up and jig¬ 
ging requirements are less critical. 

IVelding Torches and Gases .—Torches 
used for gas welding magnesium are 
usually of the small aircraft type. The 
welding gases most commonly used are 
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oxy-carbohydrogen and oxy-acetylene. 
Carbohydrogen gas, composed of about 
80% hydrogen and 20% methane, is well 
suited for welding sheet up to 0.064 in. 
because of its soft flame. For welding 
heavier gages, acetylene is more desirable 
because of its hotter flame. The oxy- 
acetylene flame is apt to cause slight pit¬ 
ting of the weld surface, but pitting is 
never so serious as to impair the strength 
properties of the weld. 

Welding Fluxes .—Proprietary fluxes 
specifically recommended for gas welding 
magnesium should be used. These fluxes 
are usually supplied as dry powders in 
hermetically sealed glass bottles and are 
prepared for use by mixing with water 
to form a heavy slurry or paste. Only 
enough for one day’s use should be mixed 
at a time, and the paste should be kept in 
covered glass containers when not in use. 
The flux paste can be applied to the 
work and welding rod with a small 
bristle brush or, when possible, by dip¬ 
ping into the flux. 

The purpose of the flux is to protect 
the heated and molten metal from ex¬ 
cessive oxidation and to remove any oxi¬ 
dation products on the surfaces. It should 
promote proper fluidity and wetting ac¬ 
tion between the weld metal and base 

metal without anv serious attack on the 

• 

magnesium. Most of the fluxes do not 
react with magnesium in the fused state 
but do react strongly after taking on 
moisture. Because of this, all traces of 
flux and flux residues must be removed 
soon after welding. 

One flux composition which can be 
satisfactorily used on magnesium for 
welding with oxy-carbohydrogen, oxy- 
acetylene or oxy-hydrogen consists of 
54% KC1, 30% CaCl,», 12% NaCl and 
4% NaF. Another composition suitable 
only for oxy-acetylene welding consists 

of 46% KC1, 26% NaCl, 24% LiCl and 
4% NaF. This latter flux composition 
is more active than the former and will 
result in more surface pitting when used 
with gases containing appreciable quanti¬ 
ties of hydrogen. 

The presence of large amounts of so¬ 
dium in the welding flux gives an intense 
glare to the welding flame. Consequently, 
most welding operators prefer to use 
special blue filter lenses. 

Base-Metal Preparation .—Cleaning of 
magnesium surfaces for gas welding 
should be as thorough as for arc welding. 


A bright-chrome-pickle treatment, steel 
wool, abrasive cloth or power wire brush 
are recommended for cleaning. Chrome- 
pickled material can be gas welded with¬ 
out the removal of the pickle coating, 
but this is not advised because of the 
reduction of chromates and lowering of 
the corrosion resistance of the weld. 

Typical gas-welded joints used on mag¬ 
nesium aircraft oil tanks are shown in 
Fig. 2. Cast and extruded fittings should 
be tapered at their edges to approxi¬ 
mately the same thickness as the sheet 
to which they are to be welded. Ml 
alloy sand cast fittings may sometimes 
have very fine cracks around the periph¬ 
ery of the flanges not visible until the 
casting is heated or welded. These fit¬ 
tings should be cast with slightly larger 
flanges than necessary and the flanges 
machined to the desired thickness and 
diameter for welding. Beading of the 
sheet around the opening for the fitting 
will reduce buckling. Weld joints should 
be located on corners and curved sur¬ 
faces as much as possible to minimize 
distortion. 

Assemblies are usually tack welded in 
a jig and then removed for final welding. 
Plenty of freedom should be allowed 
for the expansion and contraction of parts 
in the jig. Fittings should be held on 
pins or rods so that they are free to 
move with the sheet while welding. 

Welding Technique .—A liberal coating 
of flux should be applied to both sides 
of the weld seam and onto the welding 
rod. Tack welds should be about Vs in. in 
size and spaced at 1- to 3-in. intervals 
depending upon sheet thickness. In mak¬ 
ing a tack weld, the weld area is pre¬ 
heated gently with the outer flame of the 
torch to gradually dry and fuse the flux. 
Too harsh a flame may blow the flux 
away. After the flux is fused, the inner 
cone of the neutral flame is brought to 
within Vie to Vs in. of the work and 
a drop of metal added from the rod. 
The seam may require fluxing again be¬ 
fore completing the weld. 

The weld proper should start in the 
same manner as for tacking. Welding 
should progress in a straight line at a 
uniform rate of speed with the torch 
inclined at an angle of about 45 deg. 
with the work. The torch should be 
moved steadily while the rod is dinped in¬ 
termittently into the weld puddle. To 
allow for accumulation of heat, it is best 
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Small Tanks 

(Ml Alloy Sheet, Extrusions, and Castings) 



Head Head 

NOTE 1 Baffle plates spot welded to wrapper sheet 

inside tank before assembling. 


Fittings 

Casting or 
Extrusion 


Ta pered 
to sheet 
thickness 



Weld 
Sheet 

Sheet beaded around opening 
to minimize distortion 




Weld 


Approximately 1/16" gap 

Tacks spaced 
3/8“ to 1-1/2" 


Fitting 

Tapered 



Flanged openings 
in sheet 


Fixtures used in 
tackin^g on h^ads. 




Outside Inside 
Beaded reenforcementt 



Wrapper sheet 


Fig. 2.—Joint Designs for Gas Welding 
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to decrease the angle of the torch and 
to increase the speed rather than lift 
the torch from the work. Too hot a 
flame or too slow a speed increases the 
activity and viscosity of the flux and 
causes pitting. 

If a weld is interrupted, the end of 
the weld should be refluxed, and the 
flame directed slightly ahead of the weld 
before restarting the bead. All tack 
welds and overlapping welds should be 
remelted to float out any flux inclusions. 
To avoid cracking at the start, the weld 
should be started away from the edge. 
Some puddling with the rod may be 
necessary to get the metal to begin flow¬ 
ing properly. Fittings should be pre¬ 
heated before attempting to weld in place. 

All traces of flux must be removed 
from parts after welding by first washing 
in hot water and then giving a chrome- 
pickle and dichromate boil (see Table 4). 
Soft leather or wood mallets can be used 
for aligning edges and for straightening 
after welding. Large or sharp deforma¬ 
tion should never be hammered out with¬ 
out heating the area to 400 to 600 °F. 
Gas welded Ml alloy does not require 
stress relieving after welding to avoid 
stress corrosion cracking. Stress reliev¬ 
ing may be desirable, however, for di¬ 
mensional stability or improved service¬ 
ability. 

Properties of Gas IV elds .—Strength 
properties of gas welds in Ml alloy 
sheet are usually lower than those of arc 
welds. This is due to the more extensive 
heated zone and the slower heating and 
cooling rates obtained. The average ten¬ 
sile strength of Ml alloy gas welds is 
about 18,000 to 20,000 psi. The weld 
strengths are largely affected by the size 
of the weld bead, medium sized beads 
being most desirable. Peening may be 
used to increase the weld strengths but 
should be done around 500°F. to avoid 
cracking. Provided all traces of flux 
have been removed, the corrosion resist¬ 
ance of gas welds will equal that of arc 
welds. 

Spot Welding 

Spot welding is being used on mag¬ 
nesium alloy sheet and extrusions in 
thicknesses up to about Vie inch. The 
alloys most commonly spot welded are 
AZ31X and Ml. Spot-welded mag¬ 
nesium assemblies are used mostly for 
low-stressed applications, and occasion¬ 


ally for high-stressed applications not 
subject to excessive vibration. • 

Spot welding of magnesium alloys is 
similar to the spot welding of aluminum 
alloys. Careful preweld cleaning, prefer¬ 
ably chemical, is essential for the pro¬ 
duction of consistently sound welds. An 
electrical surface resistance of 50 mi¬ 
crohms or less is necessary for best weld¬ 
ing conditions. Properly chemically 
cleaned sheet (Table 4), will maintain 
a low and consistent surface resistance 
for at least 100 hours; whereas surfaces 
cleaned with steel wool or a fine abrasive 
cloth will develop progressively higher 
and more inconsistent resistances after 
about 8 to 10 hours. Mechanically cleaned 
material should be spot welded imme¬ 
diately after cleaning for best results. 

Because of the relatively high thermal 
and electrical conductivities of mag¬ 
nesium alloys, high current and short 
weld durations are required in spot weld¬ 
ing. Both a.c. and d.c. spot welders of 
the types used on aluminum have suffi¬ 
cient capacity and provide adequate con¬ 
trol of current and pressure for welding 
magnesium. As in welding aluminum, a 
very rapid electrode follow-up is required 
to maintain pressure on the weld while 
the metal is in the soft plastic range. 
Pneumatic operation of the pressure 
mechanism is preferred because of the 
rapid follow-up and accurate pressures 
provided. The additional forging pres¬ 
sure as sometimes used on aluminum 
alloys to prevent cracking while the weld 
cools is apparently not required nor bene¬ 
ficial in the spot welding of magnesium 
alloys. In general, satisfactory spot welds 
can be made in magnesium with lower 
pressures than required on aluminum 
which allows for the use of smaller 
flanges and closer edge spacing, and also 
the use of smaller offset electrodes for 
welding in confined areas. 

Spot-lVelding Equipment .—Alternating 
current spot-welding machines equipped 
with electronic synchronous timers and 
heat control and phase shifting devices 
to control weld timing and current are 
suitable for use on magnesium alloys. 
The line demand with this type of equip¬ 
ment may be as high as 500 kva. when 
spot welding sheets of approximately 
0.128 in. thickness. Typical currents, 
pressures and weld-time cycles used for 
spot welding various commonly used 
gages of Ml and AZ31X alloy sheet are 
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given in the Recommended Practices for 
Resistance Welding in Chapter 16. 

Of the stored-energy type machines, the 
electrostatic condenser discharge machines 
are the most widely used on magnesium 
alloys. The line demand with this type 
of equipment is less than that with a.c. 
equipment, requiring only about 100 kva. 
for the welding of 0.128-in. sheet. The 
condenser capacity will vary from 600 
to 2400 microfarads for welding sheet up 
to about 0.128 inch. Best results are ob¬ 
tained with high turns ratios, 480 to 1, 
where the time to peak current will be 
around 10 to 20 milliseconds. Except 
in certain cases, it is desirable that con¬ 
denser discharge machines provide a 
means for reversal of current direction or 
change in electrode polarity for alternate 
welds. Machine settings vary consider¬ 
ably between different welders. The 
values given in Chapter 16 will serve as a 
guide for the spot welding of Ml and 
AZ31X alloy sheet. 

Electrodes. —Electrodes for spot weld¬ 
ing magnesium alloys should be made 
from high-conductivity copper alloys con¬ 
forming to RWMA, Group A, Class 1 
specification. I lard-rolled pure copper can 
be used where special offset electrodes are 
desired. Electrodes should be water 
cooled to within about 3 in. of the tip. 
but should never be cooled below the 
dew-point temperature where condensa¬ 
tion takes place. Intermittent water flow 
supplied only when a weld is made assists 
in maintaining constant tip temperature 
Dome-shaped tips are most common with 
tip radii ranging from 2 to 6 in. depend¬ 
ing upon the sheet thickness. The 4-deg. 
fiat tips are also frequently used. Flat 
tips with diameters from */• to l‘/« in. 
are used on one side of the work where 
surfaces arc to be essentially free from 
marks. Conical tips are seldom used 
because of the problem of maintaining 
their shape and since no advantage is 
gained in their use. Contact surfaces of 
the electrodes must be kept clean and 
smooth. 

Factors Affecting ll'elding Conditions .— 
Spot-welding conditions vary somewhat 
with the type of alloy welded. Ml 
alloy requires much higher current for 
spot welding than either AZ31X or 
AZ61X alloys. It is also desirable to use 
a longer weld time when welding Ml 
alloy. The electrode force required gen¬ 
erally increases with the strength and 


hardness of the alloy, that is in the order 

Ml, AZ31X and AZ61X. 

Although satisfactory welds can be pro¬ 
duced over a fairly wide range of current 
values only those values in the middle 
of the range between dud and expelled 
or cracked welds should be used to ob¬ 
tain maximum consistency. Dud welds 
made at low weld currents may have fait 
strengths due to pressure bonding, but 
they usually fail suddenly and have er¬ 
ratic strength properties. At high weld 
currents a limit is reached where ex¬ 
pulsion occurs. The maximum current 
can be increased by increasing the elec¬ 
trode pressure or electrode tip size. 
Other conditions being constant, increase 
in pressure will increase the current 
necessary for a w r eld of a given strength, 
widen the range of current in which 
sound w'elds can be made and decrease 
the cracking tendency at high-current 
values. An increase in weld time will 
decrease both the current necessary for 
welds of a given strength and the ten¬ 
dency for cracking of large unexpelled 
w'elds, and, up to a certain limit, increase 
the maximum size and strength of welds. 
Too short a weld time gives more con¬ 
centrated heat resulting in smaller and 
weaker welds with greater chances for 
cracking, expulsion and porosity. 

T ip life is limited either by the appear¬ 
ance of copper on the surface of the weld 
or by the sticking of one or both of the 
electrodes to the w r ork. It is mostly de¬ 
pendent upon the surface preparation, 
type of alloy, current and cooling of elec¬ 
trodes. Under the best conditions of 
chemically cleaned surfaces no more than 
about 25 sound welds can be expected in 
Ml alloy before tip cleaning becomes 
necessary. With AZ31X alloy, about 100 
to 200 consistently sound welds can be 
made between tip cleanings. Water cool¬ 
ing greatly improves tip life and should 
always be used. Better tip life is ob¬ 
tained wdien small or medium sized welds 
rather than large welds requiring high 
currents and pressures are being pro¬ 
duced. Copper pickup on the magnesium 
increases the corrosion susceptibility of 
the weld. Copper deposits should be 
completely removed either with steel 
wool or with a fine abrasive compound 
on a polishing wheel. A positive check 
can be made to assure complete removal 
of copper by applying a 10% acetic acid 
solution to the weld and wiping with 
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a cloth. A dark spot will remain if 
there is any copper on the surface. 

One other criterion which affects maxi¬ 
mum tip life when spot welding mag¬ 
nesium alloys with d.c. stored energy 
equipment is the number of welds which 
can be made before excessive displace¬ 
ment of the weld occurs. There is a 
definite polarity effect due to current 
flowing in one direction. Afore heat is 
liberated and consequently more rapid 
pickup occurs at the positive electrode, 
which progressively increases with the 
number of welds made. As a result, dis¬ 
placement of the weld nugget into the 
sheet next to the positive electrode may 
occur before other indications of tip foul¬ 
ing are evident. For this reason, d.c. 
equipment should provide reversal of 
weld current direction for each successive 
weld to extend tip life and checks should 
be made by sectioning to determine the 
number of welds which can be produced 
between tip cleanings before excessive 
weld displacement occurs. 

Pressures are usually established first 
using the lower currents or condenser 
capacitance and voltage values recom¬ 
mended. High pressures provide greater 
latitude in the currents which can be 
used for the production of sound welds 
but may be limited by excessive sheet 
separation and deflection of small offset 
electrodes. After approximating the pres¬ 
sure, the proper weld current and weld 
time or condenser capacitance and volt¬ 
age should be determined to obtain the 
required size and strength welds. If the 
maximum weld size or strength is too 
low or cracking is encountered, it may be 
necessary to increase the pressure and 
current again, or possibly the weld time. 
After all other settings are fixed, it may 
be necessary to adjust the hold-time to 
make certain that pressure is maintained 
on the weld until solidification is com¬ 
plete. Insufficient hold-time will result 
in porous welds and is normally indicated 
by a cracking sound during the contrac¬ 
tion of the weld. 

Trial welds should be made on mate¬ 
rial of the same gage, alloy, hardness and 
surface preparation as the material to be 
welded. Welds made between two crossed 
strips are useful for deriving proper weld¬ 
ing conditions since the welds can be 
easily twisted apart by bringing the ends 
of the strips together. Shear tests should 
be made after all other conditions of 


soundness have been met such as freedom 
from porosity, cracks, expulsion or ex¬ 
cessive sheet separation. 

Weld penetration as well as the diam¬ 
eter of the fused weld zone can be ascer¬ 
tained by sectioning the weld through 
the center, polishing and then etching 
with about a 10% acetic acid solution. 
The penetration should not be less than 
30 nor more than 80% into each of the 
parts welded nor should there be any 
excessive displacement of the weld into 
one part. If welds are appreciably dis¬ 
placed. subsequent welds may require the 
use of a smaller electrode against the 
side with the least penetration, or it may 
be necessary to clean the electrodes more 
frequently or the material surfaces more 
thoroughly. 

When welding unequal sheet thicknesses 
together, an electrode with a larger con¬ 
tact area should be used against the 
thicker material. If this is not done, a 
weld with no penetration or insufficient 
penetration into the thinner sheet may 
result. Machine settings and weld diam¬ 
eters are usually based on the thickness 
of the thinner sheet. In welding more 
than two sheets together, the machine 
settings for current and pressure are 
slightly higher than when welding two 
sheets equal to the total thickness. To 
eliminate tip indentation, a flat tip may 
be used against the part which is not 
to be marked. Sheet up to 0.064 in. 
thick can be welded in this manner with¬ 
out appreciable displacement of the weld. 

In attempting to weld dissimilar alloys, 
differences in properties such as thermal 
conductivities and electrical resistivities 
can be compensated for by using a smaller 
tip in contact with the sheet which re¬ 
quires the greatest heat input to weld. 
For example, to keep the weld nugget 
centered in a joint between equal gages 
of Ml and AZ31X alloy sheet, a smaller 
tip should be used against the Ml alloy 
sheet. 

After welding, spot-welded assemblies 
can be given either a chrome-pickle or 
dichromate treatment (Table 4) followed 
by painting and finishing as desired. 
Where sealed joints are required, or 
where parts are to be placed in service 
in a very corrosive atmosphere, a semi- 
liquid compound should be used between 
the faying surfaces of the joint. There 
are many suitable compounds available 
for this purpose. They should not be so 
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viscous as to prevent bare metal con¬ 
tact when pressure is applied. Welds 
should be made soon after applying the 
compound and frequent tests made to 
check weld strengths. Assemblies with 
sealed joints should not be subjected to 
surface treatments involving boiling solu¬ 
tions, nor exposed to prolonged periods 
of heating because of the tendency for 
the compound to bleed out of the joint. 

Properties of Spot Welds .—Typical 
and minimum single shear strengths 
specified for spot welds in various gages 
of Ml and AZ31X magnesium alloy sheet 
are given in Chapter 15. Although 
higher shear strengths are readily obtain¬ 
able, these values represent the average 
strengths obtainable when welds of maxi¬ 
mum soundness and consistency are pro¬ 
duced. Shear strengths of welds in 
AZ61 alloy are practically the same as 
in AZ31X alloy. Aging of spot welds 
in Ml alloy for two hours as 600°F. will 
increase the shear and tension strengths 
almost 50%. Spot welds in thin gage 
magnesium sheet, below about 0.040 in., 
usually fail by tearing a button from the 
sheet. In thicker sheet, weld failures 
approach more perfect shearing through 
the weld nugget. 

Service experience has shown that fay¬ 
ing surfaces of spot-welded joints in mag¬ 
nesium alloys seldom require any special 
protection. Usually, only a thin gray 
film of magnesium hydroxide is formed 
at the faying surfaces. Accelerated tests 
in 3% sodium chloride show drastic at¬ 
tack, but there is little correlation between 
these results and actual service. As¬ 
semblies requiring maximum protection 
at the faying surfaces should be dip 
painted in preference to spraying, or 
scaled with a suitable compound at the 
faying surfaces. No evidence has been 
reported to indicate that spot welds in 
magnesium alloys are subject to stress 
corrosion cracking in service. 

Design of Spot-Welded Joints. —The 
designs used for spot welding magnesium 
alloys are much the same as those used 
on aluminum alloys, except that closer 
edge distances arc permissible. Mini¬ 
mum recommended dimensions for loca¬ 
tion of spot welds are given in the 
Recommended Practices in Chapter 16. 

Where unequal thicknesses of mag¬ 
nesium sheet are to be spot welded, the 
thickness ratio should not exceed 2 1 /* to 
1 if maximum consistency and high weld 


strengths are to be obtained. It is 
possible with d.c. equipment to make sat¬ 
isfactory spot welds between greater dif¬ 
ferences in thickness, such as 0.091-in. 
sheet to Vs-in. sections, by holding the 
thicker section against the positive elec¬ 
trode. In welding three pieces together, 
it is best that the thicknesses do not vary 
more than about 25% of each other. It 
is also best to have the thickest section 
in the center. ' 

Spot-welded joints should be avoided 
where they will be subjected to excessive 
vibration. Fatigue strengths of spot- 
welded joints are slightly lower than 
those of riveted joints and much lower 
than those of cither arc- or gas-welded 
joints. The welding of dissimilar alloys 
should also be avoided especially between 
alloys of markedly different properties. 

Welding Castings 

Inert-gas metal-arc welding is gen¬ 
erally recommended for the welding of 
magnesium alloy castings. Welding is 
usually limited to the repair of defects in 
clean metal such as broken pieces, sand 
holes, blow holes, misruns, cracks, cold 
shuts, and mutilations due to mismachin- 
ing, chipping, sawing or grinding. It is 
not recommended for use in areas of 
gross porosity, oxide or flux inclusions, 
or where castings have been previously 
impregnated with an organic material to 
obtain pressure tightness, or where cast¬ 
ings may contain oil in the pores. Many 
castings are used as integral parts of air¬ 
craft structures and depend upon heat 
treatment for increased strength. .Unless 
suitable facilities for reheat treatment are 
available the welding of these castings is 
not recommended. 

Before welding castings, several factors 
should be taken into account such as type 
of alloy, previous thermal treatment, size 
and intricacies of sections, and location 
of welds with regard to degree of re¬ 
straint or freedom for expansion or con¬ 
traction.. Alloy composition can usually 
be identified by designation markings on 
the castings. If not, a chemical or spec- 
trographic analysis should be made. 
AZ63 and AZ92 castings in the as-cast 
condition may be differentiated from each 
other by the color of the chrome-pickle 
deposit. On AZ63 this deposit has a 
matte iridescent appearance, much lighter 
than the gray deposit found on AZ92 
castings. On All alloy, the deposit is 
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much brighter and brassier than on either 
of the other alloys. 

Castings can be welded in the as-cast, 
solution heat-treated, or solution heat- 
treated and aged conditions. Some mag¬ 
nesium foundries prefer to weld castings 
only in the solution heat-treated condi¬ 
tion whereas others contend that less 
cracking is encountered when castings 
are in the as-cast or solution heat-treated 
and aged conditions. It is desirable to 
know the heat-treated condition before 
welding since this will somewhat affect 
the preheating for welding and heat treat¬ 
ment of castings after welding. The 
recommended heat treatments for AZ63 
and AZ92 castings are given in Table 9. 


slight local preheat of 300 to 500°F. may 
be sufficient. Care should be taken in 
local preheating so as not to overheat 
the metal and damage its properties. 

An air-circulating furnace with a tem¬ 
perature control of ±10°F. at preheat 
temperature is recommended for preheat¬ 
ing. No special atmosphere is required; 
however, a temperature limit control set 
at 10 °F. above the preheat temperature 
should be used in case of failure of the 
other controls. The recommended pre¬ 
heat temperatures for AZ63 and AZ92 
alloy castings are given in Table 9. 
Solution heat-treated or solution heat- 
treated and aged castings can be charged 
to a hot furnace at preheat temperature 


Table 9—Heat Treatment of Castings After Welding (AZ63 and AZ92 Alloys) 


Desired Condition 
Alloy 0 After Weldinp 


Condition Before Welding Heat Treatment After Welding 


Stress relieved As-cast or heat treated 1 hr. at 500°F. 

Solution heat treated Solution treated or aged b as-cast x /i hr. at 730°F. c 

10 hr. at 730°F. 

Heat treated and aged Solution treated or aged as-cast Solution heat treat as above fol¬ 
lowed by aging 10 hr. at 360°F. 

Stress relieved As-cast or heat treated 1 hr. at 500° F. 

Solution heat treated Solution treated or aged& as-cast V? hr. at 770°F. e (see below) rf 

Heat treated and aged Solution treated or aged as-cast Solution heat treat as above fol¬ 

lowed by aging 10 hr. at 420°F. 

a Preheat temperature for AZ63 castings 725 =*= 10°F., for AZ92 castings 750 =*= 10°F. 

6 Solution heat treatment of as-cast castings consists of preheating at a rate not exceeding 150°F. 
per hr. from 500°F. to heat treat temperature, followed by 10 hr. at 730°F. for AZ63 alloy, and 
6 hr. at 770°F., 2 hr. at 670°F. and 10 hr. at 770°F. for AZ92 alloy, then air cool. SO 2 atmosphere 
in furnace. 

c Solution of compound in weld metal obtained in 15 to 30 min. Welded AZ63 castings can be 
given standard 10 hr.-solution treatment without danger of germination in welds. Welded AZ92 
castings should not be heat treated for longer than 30 min. to avoid germination in welds. 

d Special heat treatment consisting of slow preheat, 4 hr. at 775°F., cool to 200°F. outside furnace 
or 400°F. inside furnace with doors open and return to 775°F. in 2-hr. period, 4 hr. at 775°F. 
This cycle is repeated three times. 


AZ63 


AZ92 


Castings should be stripped of paint 
and degreased before welding. Pickle 
treatments can be removed from defective 
areas with steel wool or power wire 
brush. A hand routing tool is recom¬ 
mended for removing defects and pre¬ 
paring for welding. Broken pieces can 
be held in position by clamps or other 
means and should be beveled at the frac¬ 
ture similar to the preparation for arc 
welding wrought alloys. Where large 
holes or defective areas are to be filled 
in with weld metal, the use of a mag¬ 
nesium or steel backing plate maj' be ad¬ 
vantageous to avoid excessive dropping 
through of the weld metal. 

Preheating .—Most magnesium castings 
require the use of preheat to avoid weld 
cracking. In some cases where welds 
are to be made in relatively unrestrained 
areas, such as on external bosses or 
flanges, preheating is unnecessary or a 


without damage to the casting. As-cast 
castings should not be charged in a fur¬ 
nace above 500 °F. and should be heated 
to the preheat temperature at a rate not 
exceeding 150°F. per hour above 500°F. 
to avoid incipient fusion of Mg-Al and 
Mg-Al-Zn compounds. Castings should 
be allowed to remain at preheat tempera¬ 
ture for a sufficient period of time to 
assure uniform heating throughout. After 
castings are removed from the furnace, 
welding should proceed immediately and 
be discontinued after the temperature of 
the casting has dropped below about 
600°F. A casting weighing from 50 to 
100 lb. can usually be welded within a 
period of about 4 or 5 min. after removal 
from furnace before its temperature has 

fallen below 600°F. 

Welding Technique .—Defects in cast¬ 
ings are welded in much the same manner 
as used in welding wrought alloys. 
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Welding currents from 50 to 100 amp. 
are normally used. Welding of broken 
pieces should commence at the center of 
the break and progress toward the outer 
ends. Medium size weld beads are pre¬ 
ferred. Too little heat will result in 
porous welds whereas too much heat 
may cause cracking or voids in the parent 
metal. The filling of holes is usually the 
most critical repair from the standpoint 
of cracking. The arc should be struck 
at the bottom of the hole and welding 
progressed upwardly. Care must be taken 
not to dwell too long in one area, since 
this makes the weld more susceptible to 
cracking and the formation of voids in 
the base metal. 

When the temperature of the casting 
falls below 600°F., the casting should be 
returned to the furnace for reheating be¬ 
fore completing the repair. Many cast¬ 
ings can be cooled in still air at ambient 
temperatures after welding without dan¬ 
ger of cracking. If of especially intricate 
design, the casting may require slow cool¬ 
ing in either a previously warmed soak¬ 
ing box or pit. 

Excess metal can be easily removed 
from welds by means of a routing tool. 
Welds can then be examined for sound¬ 
ness by visual, radiographic or fluores¬ 
cent penetrant inspection. Visual inspec¬ 
tion with a magnifying glass is very 
satisfactory for detecting small cracks in 
or around the welds after etching the 
area with a 10% acetic acid solution. 
Normal radiographic methods producing 
a sensitivity of 1 to 3% are satisfactory 
for detecting most critical defects such as 
incomplete penetration, gross porosity and 
cracks, provided the cracks are not ex¬ 
tremely small or in sections greater than 
about 1 inch. Fluorescent penetrant in¬ 
spection is not too satisfactory because of 
the number of spurious indications which 
make a sound weld appear unsatisfactory. 

Heat Treatment After Welding. —Re¬ 
paired castings are generally heat treated 
again after welding although satisfactory 
properties can be obtained without addi¬ 
tional heat treatment. The beat treat¬ 
ments, as given in Table 9. depend upon 
the condition of the castings before weld¬ 
ing and the desired condition after weld¬ 
ing. If complete solution heat treatment 
is not desired, welded castings should be 
stress relieved. Because of the small 
grain size and fine dispersion of Mg-Al 
and Mg-Al-Zn compounds in the weld 


metal, a short heat treatment time of 30 
min. is sufficient to obtain complete solu¬ 
tion of the compounds in the weld. Only 
the minimum heat treatment time neces¬ 
sary for complete solution should be used 
for welded AZ92 castings because of the 
susceptibility of the weld metal in this 
alloy toward germination.* Typical 
strength properties of welds in heat 
treated and aged AZ63 and AZ92 cast¬ 
ings are given in Table 8. 

Brazing 

Brazing is being used in joining mag¬ 
nesium alloys with techniques similar to 
those used on other metals, except for the 
temperatures, filler metal and fluxes used. 
The three brazing processes employed are 
furnace, flux dip and torch brazing. 
These processes have been most effec¬ 
tively applied to Ml alloy because of its 
high melting point and the relatively high 
temperatures required in brazing. The 
filler material is a magnesium base alloy 
so that the characteristics of the brazed 
joint are similar to those of a welded 
rather than a soldered joint. AZ92 
alloy, either of the commercial grade or 
with a small amount of beryllium added, 
is used as the filler material. The beryl¬ 
lium addition is necessary only in fur¬ 
nace brazing to avoid possible ignition of 
the magnesium. 

For torch and chemical dip brazing, 
chloride base fluxes similar to those used 
in gas welding are suitable. The dry 
powder or a paste of flux mixed with 
alcohol can be used for torch brazing. 
In furnace brazing, a slightly modified 
flux is required. A paste made with or 
ganic compounds such as benzene, tol¬ 
uene or monochlorobenzene gives best re¬ 
sults. Alcoholic or water pastes arc un 
suitable for furnace brazing. 

Bracing Procedures .—In furnace braz¬ 
ing, the parts are assembled with filler 
metal preplaced in or around the joints 
Clearances in joints are of importance in 
allowing the filler material to flow into 
the joints. They will normally vary from 
0.004 to 0.010 inch. Steel fixtures are 
suitable for holding parts in place while 
brazing. The joints are fluxed and the 
assembly placed in a furnace heated to 
the proper brazing temperature. The 
brazing temperature for Ml alloy is 1130 

* Excessive grain growth resulting in the 
formation of abnormally large grains from 
smaller grains. 
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to 1160°F. It is recommended that limit 
controls be used which will prevent ex¬ 
ceeding the maximum allowable tempera¬ 
ture of 1180°F. No special atmosphere 
is required in the furnace to prevent igni¬ 
tion. Excluding the time to reach tem¬ 
perature, the brazing period should be of 
about 2 or 3 min. duration. 

In dip brazing, the parts are assembled 
in a fixture with the filler metal in place 
and then dipped into a molten flux bath 
held at the brazing temperature. Any 
recommended magnesium gas welding 
flux is suitable for dip brazing. The 
brazing time is shorter for this process 
than for furnace brazing because of the 
greater heat transfer to the parts. The 
same alloys and temperatures are used 
for this process as are used in furnace 
brazing. 

Practically the same equipment and 
technique as used in gas welding are 
used in torch brazing. The filler metal 
can be placed on the joint and fluxed 
before fusing, or it may be added as a 
welding rod. Oxy-acetylene or natural 
gas and air are suitable gas combinations 
for torch brazing. For certain produc¬ 
tion applications the torch can be set up 
in a jig so that the flame impinges upon 
the joint when the parts are placed in 
the jig. Natural gas is well suited for 
this procedure because of its soft flame 
and less danger of overheating. 

Removal of all traces of flux is of 
utmost importance. Brazed parts should 
be treated in the same manner .as gas 
welded parts to remove all flux and flux 
residues (Table 4). 

Brazed joints have fairly good strength 
properties since only lap and fillet-type 
joints are commonly used. In general, 
the strength of a brazed joint in Ml 
alloy material will be equivalent to that 
obtained when Ml alloy has been heated 
to temperatures of 1130 to 1160°F., and 
is about 15,000 psi. The corrosion re¬ 
sistance of brazed joints is the same as 
that of gas-welded joints and depends 
mostly on the complete removal of flux. 

Soft Soldering 

Magnesium and magnesium alloys can 
be soldered, but soldering is usually 
limited to the building up of surfaces 
rather than for joining because of the 
low strength and brittle joints obtained. 
Solders similar to those used on alumi¬ 


num, containing approximately 60% tin 
and 40% zinc (M.P. 630°F.) can be used. 
Other solder compositions which are sat¬ 
isfactory include 60% cadmium, 30% 
zinc and 10% tin (M.P. 550°F.), and 90% 
cadmium and 10% zinc (M.P. 570°F.). 
Because of the marked difference in solu¬ 
tion potentials between the solders and 
the magnesium, soldered joints are un¬ 
satisfactory in moist or corrosive atmos¬ 
pheres. 

Surfaces should be cleaned to a bright 
metallic luster before soldering. The sur¬ 
faces should then be heated to a tempera¬ 
ture just above the melting point of the 
solder and the solder rubbed vigorously 
over the area to obtain a uniform tinned 
surface. A stiff wire brush or sharp 
steel tool assists in establishing a bond. 
A copper soldering iron can be used but 
should be used sparingly because of the 
alloying of the copper with the solder. A 
small torch is effective where more heat 
is required. Overheating should be 
avoided inasmuch as this increases the 
alloying of the solder with the base metal 
which results in more brittle joints. No 
flux is necessary and its use is not recom¬ 
mended. 

Other Welding Processes 

Other welding processes used commer¬ 
cially in fabricating magnesium alloys 
are, principally, seam and flash welding. 
Pressure welding has been used to a 
limited extent. Stud welding with mag¬ 
nesium studs has recently been tried and 
appears suitable for certain applications. 
Processes which have not been found sat¬ 
isfactory for welding magnesium alloys 
include shielded metal-arc welding and 
atomic hydrogen welding. Although 
welds can be made with coated mag¬ 
nesium electrodes, shielded metal-arc 
welding has been unsuccessful due to flux 
inclusions and considerable spatter. 
Atomic hydrogen welding results in 
porous welds. 

Scam Welding .—Seam welds can be 
made in magnesium alloys under condi¬ 
tions similar to those required for spot 
welding. Either continuous or intermit¬ 
tent-type welds can be made which have 
strength properties comparable to those 
obtained in spot welds. Shear strengths 
of about 750 to 1500 lb. per linear in. 
of welded seam can be obtained m Ml 
alloy sheet material from 0.040 to 0.12° 
inch. In AZ31X alloy sheet material, 
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strengths of seam welds are approxi¬ 
mately 50% higher. 

Flash Welding .—Practically the same 
type of equipment and techniques as used 
in flash welding aluminum alloys can be 
used on magnesium alloys. High current 
densities and extremely rapid movement 
of platen are required. Current cut-off 
should occur from about 5 to 10 cycles 
after upset. Special atmospheres, such 
as helium or argon, are not necessary to 
obtain satisfactory flash welds. Flash 
welds in AZ31X and AZ61X alloys give 
strengths of about 36,000 to 42,000 psi., 
respectively, with elongations of about 4 
to 6%. 

Pressure Gas Welding .—Welds can be 
made in magnesium alloys by the com¬ 
bination of high pressure and heat which 
results in a pressure bond between the 
parts presumably due to diffusion across 
the weld interface. Pressure welds can 
be made by placing zinc foil between the 
weld surfaces and diffusing the zinc under 
a pressure of about 7000 psi. while heated 
at approximately 670°F. Welds can also 
be made without the use of zinc foil using 
slightly higher pressures and tempera¬ 
tures. Adequate data on strength proper¬ 
ties of pressure welds in magnesium 
alloys are not available. 

Stress-Relief Heat Treatment 

Stress corrosion cracking of welds in 
magnesium alloys is a phenomenon simi¬ 
lar to that which takes place in other 
metals. Only the higher alloy content 
magnesium alloys such as AZ31X and 
AZ61X are susceptible to this type of 
cracking. Pure magnesium and low-alloy 
content alloys such as Ml are non-sensi¬ 
tive to stress corrosion. Stress corrosion 
cracking, as encountered in welded struc¬ 
tures, usually occurs in the area adjacent 
to the weld bead and has always been 
found to be transcrystalline. Residual 
stresses as high as 15,000 psi. have been 
measured around magnesium arc welds. 
There is no evidence that spot welds in 


any of the magnesium alloys are subject 
to stress corrosion cracking in service. 
The type of atmosphere seems to have 
little effect on the length of time before 
cracking occurs. Exposure tests fail to 
show any appreciable difference between 
rural, industrial or marine atmospheres. 
The length of time before cracking varies 
with the alloy and stress. Cracking will 
be delayed somewhat by painting; how¬ 
ever, this does not assure crack-free serv¬ 
ice over long periods of time unless welds 
are stress relieved. 

Stress relieving can be accomplished 
either in a furnace or with a torch. Fur¬ 
nace stress relieving is definitely to be 
preferred. The length of time and the 
temperatures necessary for the stress re¬ 
lief of welded structures to assure free¬ 
dom from stress corrosion cracking are 
given in 1 able 10. When furnace stress 


Table 10—Recommended Stress-Relief Heat 
Treatments for Inert-Gas Metal-Arc-Welded 

Magnesium Alloys 


Tem¬ 
pera¬ 
ture, °F. 

Time at 
Tem¬ 
pera¬ 
ture, 0 
Min. 

Sheet and 
Plate 

Extrusions 

300 

60 

AZ31h 


too 

60 

Mllifc 

AZ80 HTA 

300 

15 

Mia, AZ31a 

Ml, AZ31, 
AZ61, AZ80 


•' Time to reacl } temperature calculated roughly 
. '. 2 "r. per in. of material thickness using 
a J n i" ,mura °, f r 20 min for thin gage material 
Mi css relief of Ml alloy not required to 
assure freedom from stress corrosion cracking. 

relieving, jigs or fixtures should be used 
to hold parts in alignment while being 
heated to prevent distortion or to correct 
for any warpage present. Thermocouples 
should be attached to large structures to 
make certain that all sections reach the 
Proper temperature. Heated platens can 
be effectively used for stress relieving 
sheet and plate where flat surfaces are 
essential. In torch stress relieving, a 
temperature-indicating device should ’ be 
used to avoid overheating. 


Specification 


T .bl. 11 -Sp .ci ac«tion. Appllcb U to W.lding M. an ..ium Allo„. 

Source 


AN-T-38a-2 

AN F 44 

AN-W-30 

AN-H-25-3 

AN 1-26-1 

AN-I-3Cu 

PW-5c 

AN-R-25 


Army- 

Army- 

Army- 

Army- 

Army- 

Army 

Navy 

Army 


Navy 

Navy 

Navy 

Navy 

Navy 

Navy 

Navy 


Title 


' rcraf ‘ Welding Operator's Certification 
Flux Magnesium Alloy Welding 

Heat Trea tmer?t *0 /’m*” ^ Magnesium Alloys. Spot and Sean 

In?p t ^io“‘ m ^^“ K h '| c eS ‘ Ura A " 0y Ca!ti "^ 

*: ,UOreSCent Pcnct ™nt Method of 

Rod- MaKne A ,, ' ,m Alloys; Process for 

Rod. Magnesium Alloy Welding 
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COMMON APPLICATIONS 

Welded magnesium alloys are in de¬ 
mand for many aircraft parts such as oil 
and fuel tanks, structural sections, control 
surfaces, fittings and brackets and air¬ 
craft seats. (See Chapter 55.) Mag¬ 
nesium castings are used extensively for 
aircraft engine castings which are sal¬ 


vageable by welding. Magnesium furni¬ 
ture made from thin-walled extrusion 
stock is usually fabricated by welding. 
Other applications include dockboards, 
conveyors, hand trucks, reels, containers, 
tanks, ladders and such articles where 
light weight is of particular advantage. 
Specifications applicable to the welding 
of magnesium are listed in Table 11. 
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CHAPTER 34 


COPPER AND COPPER ALLOYS* 


GENERAL PROPERTIES 
General 

There are a laroe number of copper 
alloys produced, many of them for special 
purposes. This chapter covers only those 
wrought alloys which are commonly 
welded. 

The information for each of the mate¬ 
rials includes its chemical composition 
and physical and mechanical properties 
and is intended to be helpful in the selec¬ 
tion of the material most suitable for any 
specific application. 

Copper 

Copper, commercially available as va¬ 
rious types, may be classified in two ma¬ 
jor groups: oxygen bearing copper and 
oxygen-free copper. In general, all types 
of copper possess the same characteristics ; 
however, the presence of oxygen or im¬ 
purities in the form of small amounts of 
phosphorus, silver and arsenic affect some 
mechanical properties, which may or may 
not be desirable. 

Oxygen-Fearing Coppers .—This group 
includes fire-refined and electrolytic tough 
pitch copper. Fire-refined copper results 
from the processing of scrap copper or 
from the treatment of ores. It contains 
varying percentages of impurities from 
contamination of the ores or scrap copper 
used, as well as 0 02 to 0 05% oxygen in 
the form of copper-cuprous oxide eutectic.t 
These impurities have little effect on the 
general mechanical properties of the 
wrought copper hut require care in weld- 

Prepire! by a committee consisting of J. J. 
n re 5.l in r' (. hase Brass A- Copper Co., Chairman ; 
|v W Davis, h. B. Badger & Sons Co.; J. R. 
Ilur.ter. Revere Bras, & Copper Co.; E M 
KloeMen, The Linde Air Products Co.; A. N 
Ropier Air Reduction Sales Co ; C. A. I>x>mis! 
Navy De;t Bureau of Ships; A. M. Seta pen. 

If" 2 , an< ^ l/. arn 2? n » F- E. Garriott, Amj>co 
Metal Inc.; R. T. Gillette, General Electric 
Co 

t Commonly referred to as copper oxide or 
o xtdes. 


ing to avoid porosity. Electrolytic tough 
pitch copper is the most important com¬ 
mercial type of copper available. It con¬ 
tains less impurities than fire-refined cop¬ 
per and because of this, has more uni¬ 
form mechanical properties. The oxygen 
content is the same as that of fire-refined 
copper. 

The copper-cuprous oxide eutectic is 
scattered more or less uniformly through¬ 
out the wrought metal and has no harm¬ 
ful effect on the general mechanical prop¬ 
erties. It does make the copper suscep¬ 
tible to gas embrittlement when heated in 
a hydrogen or carbon monoxide atmos¬ 
phere to 1300 F. and tlie effect is accel¬ 
erated at temperatures above 1500°F. 

Oxygen hearing coppers are of medium 
strength, low hardness, tough, ductile and 
highly malleable provided the copper ox¬ 
ide is uniformly distributed. Both elec¬ 
trical and thermal conductivities are the 
highest of all copper alloys (see Table 1). 

1 hose coppers are highly plastic through 
a wide range of temperatures and are 
hot worked commercially from 1200 to 
1650 F. as well as cold worked. When 
heated above 1680°F. for prolonged pe¬ 
riods. the copper oxide is rejected to the 
grain boundaries causing a major reduc¬ 
tion in strength and making the metal 
both hot short and cold short. These 
coppers may he annealed at temperatures 
of 450 to 1500 F. depending on the prop¬ 
erties desired. Annealing in a reducing 
atmosphere (hydrogen, carbon monoxide) 
should he avoided because it reduces the 
copper oxide to pure copper, producing 
voids or fissures (gassed copper) which 
make the copper too brittle for use. The 
presence of oxygen as copper oxide has 
no appreciable effect on the corrosion 
resistance of these coppers, which possess 
very good resistance to atmospheric and 
sea water corrosion and are substantially 
immune to the attack of a large number 
of industrial chemicals although they 
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readily attacked by metallic salts sus¬ 
ceptible to chemical reduction. Copper 
should not be used in contact with oxidiz¬ 
ing acids and most oxidizing agents or in 
services where alternate exposure to oxi¬ 
dizing conditions and acid reagents are 
anticipated. Low concentrations of am¬ 
monia and carbon dioxide in water can 
also act as strong corrosive agents. Cop¬ 
pers are generally immune to stress-cor¬ 
rosion failures. 

Oxygen-Free Coppers .—This group in¬ 
cludes phosphorized copper and oxygen- 
free high conductivity copper. Phosphor¬ 
ized copper (phosphor deoxidized copper) 
is copper from which the oxygen has 
been removed by the addition of 0.01 to 
0.04% phosphorus to the melt prior to 
casting. If the phosphorus addition is 
closely controlled to obtain less than 
0.01% residual, the copper is called high- 
conductivity phosphorized copper. Oxy¬ 
gen-free, high-conducthnty copper is cop¬ 
per from which the oxygen has been re¬ 
moved by the use of hydrogen as deoxi¬ 
dant. The copper is melted and cast in 
an atmosphere of hydrogen which reduces 
any oxides present and prevents the for¬ 
mation of oxides during the casting 
Since no deoxidant remains in the cast 
copper, it can be internally oxidized by 
prolonged heating in air at elevated tem¬ 
peratures. A common designation for 
this type of copper is OFlfC copper. 

The oxygen-free coppers have the same 
general mechanical properties as the oxy¬ 
gen-bearing coppers but more uniformity 
of properties is obtained (see Table 1. ) 
Because of the absence of copper oxide 
better fatigue resistance is obtained. As 
compared with oxygen-bearing copper, 
phosphorized copper containing less than 
0.01 % phosphorus has the same or slightly 
higher electrical and thermal conductivi¬ 
ties whereas phosphorus copper, having 
from 0.01 to 0 05% phosphorus, has 
lower electrical and thermal conductivi¬ 
ties. Both conductivities are greater for 
OFHC copper. Phosphorus coppers are 
highly plastic and possess no critical 
range in which plasticity is seriously re¬ 
duced. \\ ith the absence of copper oxide 
the cold working of these coppers is 
slightly improved over that for oxygen- 
bearing coppers, particularly in deep 
drawing and spinning operations. These 
coppers can be annealed at temperatures 
between 4."0 to 1500 fc F. depending upon 
the properties desired; they can be an¬ 


nealed in reducing atmospheres since no 
gassing or embrittlement occurs. The 
corrosion resistance of these coppers is 
the same as for oxygen-bearing coppers. 

Copper-Zinc Alloys (Brasses) 

Copper-zinc alloys arc commercially 
produced with varying percentages of 
copper and zinc with corresponding varia¬ 
tions in the properties. Additions of a 
third or fourth metal are made occasion¬ 
ally to improve one or more of the me¬ 
chanical properties. Brasses containing 
such additions are known as alloy brasses 
and the additions of manganese, tin, iron, 
silicon, nickel, lead and aluminum, either 
singly or collectively, rarely exceed 4.0%, 

To simplify the discussion of brasses 
they will be divided into three classifica¬ 
tions: Low brasses (80% Cu min.), high 
brasses (less than 80% Cu) and alloy 
brasses. The welding characteristics for 
all alloys in any one classification are 
ipiite similar. However, the resistance 
welding characteristics of the alloy 
brasses vary since addition of an alloying 
element generally reduces both electrical 
and thermal conductivities. 

Low Hr asses. (Cu 80 to 95%; Zn 5 
to 20%).— I liese brasses have mechanical 
properties from medium to moderately 
high depending upon the specific compo¬ 
sition. As the zinc content increases the 
tensile strength and hardness as well as 
the ductility increase; there is also a color 
change from red through gold to the green 
yellows with a progressive decrease in 
electrical and thermal conductivities 
(sCC I a ble 2). These are all single-phase 

alloys having a copper content of 80% or 
more. These low brasses possess hot- 
working properties comparable to those 
of copper, being plastic through a narrower 
temperature range (1350 to 1650° F). 
With increasing zinc content the hot- 
working properties decrease. Fed brass 
*85% Cu, 15% Zn) shows a tendency for 
hot-shortness in the temperature range of 
**> to 950 °F. The lead content must be 
maintained at less than 0.01%, so that 
these brasses can be hot forged, hot rolled 

or otherwise hot worked without any diffi¬ 
culty. 

T hese low brasses are extremely ductile 
and malleable at room temperature and can 
be cold worked by any of the conimer- 
< ial methods such as deep drawing, spin- 
nmg. stamping, forming, cold rolling, cold 
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Table 2—Wrought 

Common Alloy Name —► 

Red Brass 

Silicon Brass 

Silicon Brass 

High Brass 

Nominal Composition. % —► 

85 Copper, 15 Zinc 

77 Copper, 1.0 
Si, 22 Zinc 

70 Copper 0.5 
Si, 29.5 Zinc 

65 Copper, 35 
Zinc 


Chemical composition, % 


Copper 

83.0-86.0 

77.0-79.0 

68.5-71.5 

63.0-67.5 

a 9 a 9 

Silicon 

• • • • 

0.75-1.25 

0.3-0.6 

Tin 

• • • # 

• • • • 

# A • A 

w w m w 

Manganese 

• • • • 

• • • • 

• • • • 

• # • • 

• • # • 

Iron 

0.05 max. 

0.1 max. 

0.1 max. 

0.05 max. 

Lead 

0.05 max. 

0.05 max. 

0.05 max. 

0.10 max. 

Other impurities 

• • • » 

• • • • 

• • • • 

• • • • 

Zinc 

Melting range, °F. 

Remainder 

Remainder 

Remainder 

Remainder 

Solidus 

1810 

1780 

1680 

1660 

Liquidus 

Electrical conductivity, % IA- 

1880 

1815 

1750 

1710 

CS at 68°F. (volume) 

37 

13 

19 

27 

Thermal conductivity, Btu./ 



ft. 2 /ft./°F./hr. 

Specific heat, Btu./lb./°F. at 

92 

39 

48 

69 

68° F. 

Thermal expansion per °F., 

0.09 

0.09 

0.09 

0.09 

68-572° F. 

Forms available (indicated by 

10.4 X 10-6 

10.3 X 10-« 

11.0 X 10-• 

11.3 X 10-‘ 

(X) or applicable AST- 
M spec.) 





Plate, sheet, and strip 

B36, Alloy 3 

X 

X 

B36, Alloy 8 

Rods, bars and shapes 

B134, Alloy 3 

• • • • 

• • • • 

B134, Alloy 7 

Tube 

B135, Alloy 1; Bill 

• • • • 

• • • • 

• • • • 

Pipe 

B43 a 

• • • • 

• • • • 

• • • • 

Wire 

B134, Alloy 3 

• • • • 

• • • • 

B134, Alloy 7 

Mechanical Properties 





Annealed: 





Tensile strength, psi. 

37,000-44,000 

53,000-72,000 

53,000-62,000 

46,000-57,000 

0.5% yield strength, psi. 

11,000-20,000 

14,000-38,000 

15,000-23,000 

14,000-26,000 

Elongation in 2 in., % 

40-48 

43-72 

41-62 

48-70 

Hard: 





Tensile strength, psi. 

63,000-73,000 

87,000-110,000 

84,000-96,000 

68,000-84,000 

0.5% yield strength, p-d. 

55,000-59,000 

69,000-72,000 

64,000-66,000 

58,000-60,000 

Elongation in 2 in., % 

3-5 

* 3.5-8 

5-8 

5-10 

° ASME specification with tli 

e prefix SB identical 

with this ASTM 

specification. 



heading, flaring and upsetting. Cold work 
will increase the tensile strength, yield 
strength and hardness, the amount of in¬ 
crease depending on the amount of cold 
work and the copper content of the spe¬ 
cific alloy. After cold working, these 
brasses can he heat-treated (annealed) at 
temperatures ranging from 700 to 1400°F., 
to reduce their hardness and render them 
malleable and ductile again. Upon sudden 
exposure to elevated temperatures, these 
brasses when in a stressed condition are 
susceptible to cracking (fire-cracking). 
To avoid such failure, the stressed ma¬ 
terial should be brought up to tempera¬ 
ture gradually. These brasses in general 
have the same corrosion resistance as 
copper except that they may have less 
resistance than copper to substances com¬ 
monly called active chemical reagents. 
On the other hand, these brasses are more 
resistant than copper to the attack of 
sulfides, such resistance increasing with 
increasing zinc content. The 85% Cu, 


15% Zn alloy (rich low or red brass) is 
better in its resistance to the corrosion of 
sea water than copper itself. 

High Brasses (Cu 55 to 80%; Zn 20 
to 45%).—The mechanical properties of 
these brasses are moderately high to 
cpiite high depending upon the composition. 
Such brasses, having a copper content 
from 80 to 64%, show a single phase 
(alpha brass). The tensile strength and 
hardness as well as ductility increase with 
an increase in zinc content in the same 
manner as for the low brasses. Brasses 
with copper content from 64 to 55% show 
two phases (alpha and beta brass) and 
their tensile strength and hardness in¬ 
crease with increasing zinc content; the 
ductility, however, decreases. These prop¬ 
erties are affected by the ratio of the beta 
phase to the alpha phase. Alloys of the 
lowest copper content, because of the 
greater percentage of beta-phase br ass 
are the strongest but least ductile. Bot i 
electrical and thermal conductivities de- 
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Copper-Zinc Alloys (Brasses) 

Manganese Brass 

Muntz Metal 

Naval Brass 

Manganese Bronze 

66 Copper, 1 Manganese, 33 Zinc 

60 Copper, 40 
Zinc 

60 Copper, 391-^ 
Zinc, % Tin 

58.5 Copper, 1 Iron, 1 Tin, 0.3 
Manganese, 39.2 Zinc 

64.5-67.5 

• • • • 

58-61 

59-61 

51.0-60.0 

0.25-1.50 

0.06 max. 

0 07 max. 

0.10 max. 

Remainder 

0.25 max. 

• • • • 

0.15 max. 

0.10 max. 
Remainder 

0.50-i.0 

0.10 max. 

0.20 max. 

A1 0.25 max. 
Remainder 

0.50-1.50 

0.50 max. 

0.80-2.0 

0.20 max. 

• • • • 

Remainder 

1660 

1710 

1650 

1660 

1630 

1650 

1590 

1630 

20 > 

28 

26 

24 

• • • • 

70 

67 

61 

0.09 

0.09 

0.09 

0.09 

11.3 X 10~« 

11 6 X 10~« 

11.8 X 10-‘ 

11.8 X 10"« 

X 

• • • • 

• • • • 

• • « a 

• • • • 

n 171 0 

X 

X 

B171 a 

B21 

X 

• • • • 

X 

B124, Alloy 4; B138, Type A 

• • • • 

Substantially same as high brass 
Substantially same as high brass 
Substantially same as high brass 

50,000-55,000 
20,000 23,000 
35 min. 
47-54 

• • • • 

50,000-60,000 

20,000-28,000 

35 min. 

35-40 

• t • • 

55,000 min. 

55,000 min. 

25 

Substantially Name as high brass 

78.000-88.000 

88.000-96.000 

08,000-80,000 

Substantially same as high brass 
Substantially same as high brass 

61,000-62,000 

7-12 

67.000-70,000 

3 5-5 5 

45,000-50,000 

10-20 


crease as the zinc content increases pro¬ 
vided the alloy contains only the single 
alpha phase. If beta brass is present the 
electrical and thermal conductivities in¬ 
crease slightly over the lower copper alpha 
brasses. The lower copper alpha brasses 
are relatively poor for hot working. Ut¬ 
most care must be taken to keep the lead 
content to a trace in order to hot roll or 
hot forge these brasses within a tempera¬ 
ture range of 1050 to 1550°F. The alpha- 
beta brasses arc much easier to hot work, 
the ease of hot working increasing as the 
copper content decreases within the tem¬ 
perature range of 1200 to 1400°F. Lead 
content is not so critical and it is possible 
to hot roll alpha-beta brasses containing 
up to 1% lead by any process. The low 
copper alpha brasses work-harden less 
rapidly than those of higher copper con¬ 
tent. Because of this, these brasses are 
used where successive drawing operations 
without intermediate annealing are in¬ 
volved. The alpha-beta brasses are diffi¬ 


cult to cold work, this difficulty increasing 
with decreasing copper content. This is 
caused by the presence of the beta phase. 
Brasses containing 60 to 62% copper can 
be lightly cold worked because of the small 
percentage of the beta phase. Like the low 
brasses, these high brasses can be softened 
after cold-working operations by anneal¬ 
ing within the temperature range of 700 to 
1400°F. depending upon the properties de¬ 
sired. The alpha-beta brasses if quenched 
from the annealing temperatures, show a 
slightly higher hardness because of the 
formation of a greater amount of beta- 
phase brass than would be produced by air 
or furnace cooling. These brasses also 
show a tendency similar to the low brasses 
for fire-cracking if not properly handled 
during annealing or when heated. High 
brasses in general are similar to low 
brasses from the standpoint of corrosion 
resistance. When exposed to certain 
media they frequently fail in a manner 
termed denncification, such failure being 



742 


METALS 


characterized by spongy areas of copper 
in the form of layers or plugs. Under 
certain conditions the high brasses may 
also fail by season cracking or stress- 
corrosion cracking. Such failure is en¬ 
hanced by the presence of internal stress 
or stress gradients produced by cold¬ 
working operations followed by exposure 
to corrosive atmospheres. The tendency 
of a cold-worked part to season-cracking 
may be minimized by annealing at a tem¬ 
perature of 500 to 700° F., which is below 
the recrystallization temperature (relief 
annealing). 

Alloy Brasses. — In general, alloying 
additions in brasses are not sufficiently 
large to affect the general mechanical 
properties of the brasses. In some in¬ 
stances however, additions of tin, manga¬ 
nese and iron are made in sufficient quan¬ 
tities to secure a marked effect on the ten¬ 
sile strength, ductility and hardness. Lead 
is commonly added in amounts up to 4% 
to improve the machinability of brass but 
this has practically no effect on the ten¬ 
sile strength and hardness of brasses. 
Ductility and shear strength, however, 
particularly of cold-worked materials, are 
lowered by the addition of lead. Addition 
of a third metal other than lead in the 
small percentages normally used does not 
affect the cold-working properties of brass 
to any extent and may slightly improve 
the hot-working properties. All of the 
alloy brasses behave in a manner similar to 
the straight brasses with regard to anneal¬ 
ing; lead additions increase the possi¬ 
bility of fire-cracking of materials stressed 
and subject to heat. The addition of small 
amounts of a third metal, particularly 
tin, improves the general corrosion resist¬ 
ance of the alloy brasses. Additions of 
small amounts of arsenic, phosphorus or 
antimony tend to inhibit the dezincifica- 
tion of the alpha brasses. The addition 
of aluminum aids in combating impinge¬ 
ment-type corrosion and also increases the 
general corrosion resistance; lead has no 
effect on the corrosion resistance of alloy 
brasses. 

Copper-Silicon Alloys (Silicon Bronze) 

Copper-silicon alloys containing 17* to 
37«% silicon and 17*% or less of zinc, 
tin, manganese or iron, have become im¬ 
portant industrial materials because of 
their high strength, excellent corrosion re¬ 
sistance and ease of welding. The pres¬ 
ence of a third metal has little effect on 


the general mechanical properties of sili¬ 
con bronze. The addition of iron may 
cause an increase in tensile strength and 
hardness due to the formation of iron 
silicides. The addition of zinc or tin im¬ 
proves the fluidity of the molten bronze 
which tends to improve the quality of 
castings and weld metal deposited by oxy- 
acetylene welding. The addition of silicon 
to copper increases the tensile strength and 
hardness of the material. The ductility of 
silicon bronze is decreased with increasing 
additions of silicon up to about 1% and 
is then increased to a maximum value for 
4% silicon. Toughness and shear strength 
increase with increasing silicon up to 
372%. The electrical and thermal conduc¬ 
tivities decrease as the silicon content in¬ 
creases (see Table 3). Silicon bronzes 
are very suitable for hot working and can 
be readily rolled, forged and extruded. 
Alloy A shown in Table 3, has a tend¬ 
ency toward cracking (hot-shortness) at 
temperatures above 600 °F. Lead must be 
controlled in these materials to not more 
than a trace to avoid cracking in hot forg¬ 
ing or hot rolling. The high silicon alloy 
work-hardens much more rapidly than the 
other alloys containing less silicon and be¬ 
cause of this, high tensile strength and 
hardness can be obtained with the high 
silicon alloys. The lower silicon alloys 
possess more malleability and are used 
where good cold-working properties are 
necessary. All of the alloys shown in 
Table 3 can be softened after cold working 
by annealing within the temperature range 
900 to 1400°F. When annealed in oxidiz¬ 
ing atmospheres the scale formed on these 
alloys is very refractory and difficult to 
remove by ordinary cleaning methods. 
When cleaned in 10% solution (by vol¬ 
ume) of sulfuric acid a red oxide surface 
is obtained which is termed a plain pickle 
finish. When this finish is immersed in 
a sodium bichromate solution containing 
10% sulfuric acid by volume and 3 A lb- 
sodium bichromate per gallon of solution, 
a bright, oxide-free surface is obtained, 
this is termed a specially cleaned finis i. 

If no cleaning is done the finish is termed 
left black. The silicon bronzes are sub¬ 
ject to fire-cracking and susceptibility in¬ 
creases with increasing silicon content. In 
general the corrosion resistance of the 
copper-silicon alloys is equal to or better 
than that of copper. Like copper, these 
alloys are not suitable for use in resisting 
corrosion from turbulent or flowing sea 
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Table 3 Wrought Copper-Silicon Alloys (Silicon Bronze) 


T ype —♦ 

Chemical composition, % 

Majo- components: 

Silicon 
Cooper, min. 

Optional elements*: 

Manganese, max. 

Zinc, max. 

Iron, max. 

Tin, max. 

Nickel, max. 

Lead, max. 

Sum of above elements 
Melting range, °F. 

Solidus 
Liquid us 

Electrical conductivity, % IACS at 68°F. 
(Volume) 

Thermal conductivity, Btu/ft.*/ft./°F./ 
hr at 08° F. 

Specific heat, Btu./lb./°F. at 68°F. 
Thermal expansion per °F., 68 to 572°F. 
Forms available (indicated by (X) or ap¬ 
plicable ASTM Spec.) 

Plate, sheet, strip 


Rods, bars, shapes 

Wire 

Tube 

Mechanical properties 
Hot rolled: 

Tensile strength, psi. 

Annealed: 

Tensile strength, psi. 

0,U V / yield strength, psi. min. 
Elongation in 2 in., % 

Cold rolled (hard): 

Tensile strength, psi. 

0 5% yield strength, psi , min. 
Elougulion in 2 in., % 


A (3%) 


2.75-3.50 
04.80 

1.50 
1.50 
1.60 
0.75 
0 60 
0.05 
99.50 

1780 

1860 

7 

21 

0.09 

10 X 10~« 


B966; B97, Alloys 
1-7; B100, Type 
8; B124, Alloys 7 
B986. Alloys 2-7 
B99, Alloys 2-7 
X 


c (2H%) 


2.00-3.00 

91.00 

1.25 

4.50 
0.80 

0.60 

0.05 

99.50 

1805 

1905 


B96t»; B97, Alloys 
21-24 

B98fc, Alloys 22-24 
B99, Alloys 22-24 


55.000-72,000 


50.000-67,000 

18,000 

40 


87.000-97.000 

50,000 

8-22 


B (1M%) 


0.75-2.00 

96.00 

0.75 

1.50 

0.80 

1.60 


0.05 

99.50 

1890 

1940 

12 

33 

0.09 

9.9 X 10-• 


B97, Alloys 11-17; 
B124, Alloy 8 

B9S«>, Alloys 11-17 
B99, Alloys 11-17 


28,000-50.000 

12,000 

35 

60,000-70,000 

35.000 

8-12 


a 

t 


One or more of the following elements may be present within limi 
ASME Specification with the prefix SB identical with this ASTM 


ts prescribed in 
specification. 


specifications. 


water. The silicon bronzes are subject to 
stress corrosion failures, particularly 
Alloy A; severely worked copper-silicon 
alloys should be stress relieved to mini¬ 
mize this hazard. 

Copper-Tin Alloys (Phosphor Bronze) 

Alloys of copper and tin are properly 
termed tin bronze. Because 0 03 to 0 04% 
phosphorus is generally added as a de¬ 
oxidizing agent in the casting of these 
alloys, the tin bronzes have come to be 
known commercially as phosphor bronze. 
Phosphor bronzes have moderately high 
to very high tensile strength depending 
upon the amount of tin; commercially 
available alloys contain from 1.5 to 10% 
tin. When in the completely homogenized 
condition, they are single-phase alloys and 
have a structure similar to alpha brass. 
W ith tin content of more than 5% the 
alloys are very difficult to cast without 
dendritic segregations. In the wrought 
form the alloys are tough and hard and 
have high fatigue resistance, particularly 
iri the cold-worked condition. Electrical 


and thermal conductivities are quite low 
for the phosphor bronzes of low tin con¬ 
tent and very low for the phosphor 
bronzes of high tin content (see Table 
4). Phosphor bronzes have a very nar¬ 
row plastic range and must be hot worked 
at temperatures ranging between 1150 and 
1225 F. Low tin alloys (under 4%) 
have the best hot-working properties. All 
of the phosphor bronzes have very good 
cold-working properties including high 
strength and hardness in the hard rolled 
tempers. Annealing after light cold-work¬ 
ing operations is desirable. After cold 
working, these alloys can he rendered soft 
and malleable by annealing at tempera¬ 
tures between 900 and 1400°F. depending 
upon the properties desired. In a stressed 
condition the phosphor bronzes are sub 
ject to fire-cracking and care must be 
taken to avoid thermal shock bv the sud¬ 
den application of high heat. The corro¬ 
sion resistance of these alloys is com- 

• _ copper. For some serv¬ 

ices the copper-tin alloys are superior to 
copper, particularly against corrosion bv 



744 


METALS 


Table 4—Wrought Copper-Tin Alloys (Phosphor Bronze) 


Type —> 

Grade A, 5% 

Grade C, 8% 

Grade D, 10% 

Grade E, 1.25% 

Chemical composition, %: 

I in 

3.50-5.80 

7.0-9.0 

9.00-11.0 

1.0-1.50 

Phosphorus 

0.03-0.35 

0.03-0.35 

0.07-0.25 

Trace 

Zinc, max. 

Copper: 

0.30 

0.20 

0.20 

• • • • 

Commercial, min. 

04 

90.50 

88.50 

98.50 

Specification 

Remainder 

Remainder 

Remainder 

A a a m 

Manganese, max. 

1.25% for rod over 1.25 in. diameter 


Iron, max. 

0.10 (1.25% for rod over 1.25 

in. diameter) 

• • • • 

Bead, max. 

0.05 

0.05 

0.05 

A ^ A A 

Antimony, max. 

0.01 

in plate, sheet and strip 

W w W w 

Sum of elements for flat, rod or 

wire 

99.50 

99.50 

99.50 


Melting range, °F.: 

Solidus 

1750 

1620 

1550 

1900 

Liquidus 

1920 

1880 

1830 

1970 

Klectneal conductivity (volume), 

% I ACS at 68° F. 

18 

13 

11 

48 

Thermal conductivity, Btu./ft. 2 / 

ft./°F./hr. at 68°F. 

40 

36 

29 

119 

Thermal expansion per °F. f 68 to 

572'-’F. 

9.5 X 10-« 

«o 

1 

o 

X 

o 

r-4 

10.2 X 10~« 

9.9 X 10"« 

Specific heat at 68°F., Btu./lb./ 

F. 

0.09 

0.09 

0.09 

0.09 

Forms available (indicated hv 
(X) or applicable ASTM 
spec.): 

Plate, sheet and strip 

B103, Grade A 

B103, Grade C 

B103, Grade D 

X 

Rods, bars and shapes 

B139, Grade A 

B139, Grade C 

B139, Grade D 

• • • • 

Wire 

T ube 

Mechanical properties: 

B159, Grade A 

X 

B139. Grade C 

• • • • 

B159, Grade D 

• • • • 

(See B105, 

Grade 40) 

• • • • 

Annealed : 

Tensile strength, psi. 

40,000-61.000 

51,000-68,000 

54,000-73,000 

40.000 

0.5% yield strength, psi. 

10,000-42.100 

20,200-46.600 

21,200-40.800 

14,000 

Flongation in 2 in., % 

41-60 

50-71 

57-65 

48 

H ard: 

Tensile strength, psi. 

72,000-92,000 

85,000-104,000 

94,000-109,000 

65,000 

0.5% yield strength, psi. 

60,700-72,250 

72,300-74,600 

71,000-77,100 

50,000 

Filongation in 2 in., % 

5-7.5 

5-12 

10-11 

8 


sea water and acid reagents. In the 
stressed condition these materials are sub¬ 
ject to stress corrosion and severely 
worked parts should be stress relieved be¬ 
fore being put in service; this is particu¬ 
larly true with the high tin alloys. 

Copper-Aluminum Alloys (Aluminum 

Bronze) 

Copper-aluminum alloys are commer¬ 
cially high copper alloys containing 4 to 
10% additions of aluminum and additions 
of nickel, iron, silicon and manganese in 
varying low percentages. The commer¬ 
cial alloys are of two types: alpha- or 
single-phase with up to 7.5% aluminum 
and alpha-beta or two-phase known as 
duplex bronzes with over 7.5% aluminum. 
The tensile strengths of alpha aluminum 
bronzes are equal to those of the high 
brasses. They are tough, moderately hard 
and have high ductility. The duplex al¬ 
loys have a very high tensile strength 
but are lacking in ductility; they have 
very high hardness comparable to work- 
hardened copper-silicon alloys. Because 
of the high hardness of the duplex struc¬ 


ture, the alloys have high wear resist¬ 
ance. Electrical and thermal conductivi¬ 
ties are fairly low being comparable to 
those of the low silicon bronzes (see 
Table 5). The alpha-type aluminum 
bronzes have a reasonably wide plastic 
range and can be worked at temperatures 
between 1450 and 1650° F. The duplex 
bronzes have an even wider plastic range 
and are hot worked best in the tempera¬ 
ture range of 1300 to 1650°F. Alpha 

aluminum bronzes are very satisfactory 
for cold working but since they work- 
harden rapidly, they are not generally used 
for severe drawing or stamping operations. 
The duplex bronzes on the other hand, 
have very poor cold-working properties 
and can only be cold worked slightly. 
Alpha aluminum bronzes are similar to 
alpha brasses and can be softened by an¬ 
nealing in the temperature range of 900 
to 1400°F. depending upon the proper¬ 
ties required. Annealing of the duplex 
bronzes has little effect on the hardness 
because of the existence of the alpha-beta 
structure. Since duplex bronzes cannot be 
cold worked, annealing operations are used 
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Table 5 \ftrougHt Copper-Aluminum Alloys (Aluminum Bronze) 

• 

Type —*■ 

5% 8% 10% 

10% 


Nominal Composition, % -♦ 95_Copper. 92 Copper, 90 Copper, 82.5 Copper, 

5 Aluminum 8 Aluminum 10 Aluminum lOAIuminum, 


5 Nickel, 
2.5 Iron 


Chemical composition, %: 

Copper 

92-96 

Aluminum 

4.0-7.0 

Nickel 

— ^ 

• % « * 

Iron, max. 

0.50 

Manganese 

• • • • 

Silicon, max. 


Tin. max. 

Zinc, max. 

# • # • 

Tellurium, max. 

Other elements, max. 


0.50 

Electrical conductivity (vol- 

ume), % IACS at 08°F. 

17.5 

Thermal conductivity, Btu./ 

ft.*/ft./°F./hr. at 68°F. 

• • • • 

Melting range, °F.: 

Solidus 

1920 

Liquidus 

1940 

7'hermal expansion per °F. # 68 

to 572°F. 

10.0 X io-« 

Specific heat, Btu./lb./°P. 


Forms available (indicated by 
(X) or applicable ASTM 
spec.) 

Sheet, plate and strip 

B169, Alloy A 

Rods, bars and shapes 

B124, Alloy 10 

Condenser tube 

Bill 

Mechanical Properties: 

Annealed: 

Tensile strength, min. psi. 

45.000 

0.5% yield strength, min.. 

psi. 

17,000 

hlongation in 2 in., min., % 

40 

Hurd: 

Tensile strength, min., psi. 

50,000-60.000 

0.5% yield strength, min.. 

psi. 

20,000-24,000 

Klongation in 2 in., min , % 

30-25 


90-93 

80-93 

Remainder 

7.0-9.0 

6.50-11.00 

8.00-11.00 

• • • • 

1.00 max. 

4.00-7.00 

0.50 

4.00 

1.50-3 50 

• • • • 

1 .50 

1.50-2.00 

• • • 

2.25 

• • • • 

• • • • 

0.60 

— 

• • • • 

1.00 

• • • • 

• • • • 

0.65 


0.50 

0.50 

0! 50 

15.2 

12.6 

7.5 

• • • • 

1888 

• • • • 

1890 

• • • • 

1895 

1897 

1905 

1930 

10.0 x io-« 

10.3 X 10"« 

10.3 X 10-6 

• • • • 

0.104 

0. 104 


B169, Alloy C; 

• • • • 

B171 

Cl24, Alloy 
11 

B124, Alloy 11; 

B150, Type 1; 

B150, Type 11 

B loO, 1 ype 

B124, Alloy 

1 

11 



• • 


50,000 

70,000-80,000 

90,000 

20,000 

42,000-50,000 

36,000 

30 

20-15 

10 

• • • • 

22.000-27,000 

• • • « 

• • • • 

25-20 

— — — 

• • • 1 


to refine or change the grain structure 
after hot working. The mechanical prop¬ 
erties of duplex bronzes can be improved 
by quenching in water from tempera¬ 
tures of 1500 to 1600° F. and re-annealing 
between 700 and 1100°F. All of the 
aluminum bronzes resist scaling or oxidi¬ 
zation at elevated temperatures to a high 
degree. This is due to the presence of 
aluminum and the resistance increases with 
increasing aluminum content. Aluminum 
bronzes possess a high resistance to min¬ 
eral acid attack, such resistance increasing 
with increasing aluminum content. This 
resistance is flue to the formation of alumi¬ 
num oxide on the exposed surfaces. The 
oxide film is quite soluble in alkalies so 
that the alloys have low resistance to the 
attack of strong alkalies. Under certain 
corrosive conditions the alpha-beta alumi¬ 
num bronzes are subject to a form of 
corrosion called dtaluminization, which is 
analogous to dezincification in brass. All 


of the aluminum bronzes have excellent 
resistance against sea water, particularly 
turbulent sea water. 

Copper-Nickel Alloys 

Copper-nickel alloys are available com¬ 
mercially in three major alloys containing 
10, 20 and 30% nickel (see Table 6). 
These alloys have moderately high to 
high tensile strength depending upon the 
nickel content. They are moderately hard, 
quite tough and fairly ductile; electrical 
and thermal conductivities are low. All 
of these alloys have good hot-working 
properties except that they are not con¬ 
sidered suitable for hot forging because of 
poor flowing qualities. These alloys have 
excellent cold-working properties with a 
degree of malleability approaching that of 
copper. Since they do not work-harden 
rapidly, they can be used in severe draw¬ 
ing, stamping and spinning operations. 
Like the 70 Cu, 30 Zn brass, these alloys 
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Table 6 —Wrought Copper-Nickel and Copper-Nickel-Zinc Alloys (Cupro-Nickel and Nickel 

Silver) 


Type or Alloy Name —» 

Cupro Nickel, 20% 

Cupro Nickel, 30% 

Nickel Silver, 18% (B) 

Nominal Composition, % —> 

80 Cu-20 Ni 

70 Cu-30 Ni 

55 Cu-18 Ni-27 Zn 

Chemical composition, %: 

Copper 

Remainder 

Remainder 

53.5-56.5 

Nickel 

19-23 

29-33 

16.5-19.5 

Zinc, max. 

1.0 

1.0 

Remainder 

Tin, max. 

1.0 

1.5 

a * a • 

Manganese, max. 

1.0 

1.0 

0.50 

Iron, max. 

0.6 

1.0 

0.05 

Lead, max. 

0.05 

0.05 

0.05 

Melting range, F.: 

Solidus 

2070 

2140 

AAA A 

Liquidus 

2190 

2260 

W W W W 

1930 

Electrical conductivity, % IACS 

at 68 F. (volume) 

6.5 

4.6 

5.5 

Thermal conductivity at 68°F., 
Btu./ft. 2 /ft./°F./hr. 

22 

16.9 

16.9 

Thermal expansion per °F., 68- 

572° F. 

8.95 X 10 

9.0 X 10 

9.25 X 10“6 

Specific heat at 68°F., Btu./lb./ 

F. 

0.09 

0.09 

0.09 

Forms available (indicated by (X) 
or applicable ASTM Spec.) 

Sheet, strip and plate 

B122, Alloy 6 

B122, Alloy 5, B171, 

B122, Alloy 4 

Rods, bars and shapes 

X 

B171 a 

X 

B151, Alloy B 

Tube 

B111 , a Type A 

B111 a 

• • • • 

Wire 

• • • • 

X 

B206. Alloy B 

Mechanical Properties 

Annealed: 

Tensile strength, psi. 

49,000-53,000 

50,000 

60,000 

0.5% yield strength, psi. 

13,000-23,000 

20,000 

27,000 

Elongation in 2 in., % 

35 

35 

40 

Hard: 

Tensile strength, psi. 

67,000-79,000 

75,000-88,000 

92,000-197,000 

0.5% yield strength, psi. 

72,000-74.000 

76,000-78,000 

85,000 

Elongation in 2 in., % 

4 

9 9 

4 

3 


° ASME specification with the prefix SB identical with this ASTM specification. 


can be softened by annealing within a 
temperature range of 1200 to 1600°F., 
depending upon the properties desired. 
The presence of nickel in these alloys 
makes them very satisfactory for corro¬ 
sion resistance. They are particularly 
resistant to the erosive and corrosive at¬ 
tack of high velocity sea water and this 
resistance improves with increasing nickel 
content. These alloys are very resistant 
to stress corrosion and corrosion fatigue, 
these characteristics increasing with in¬ 
creasing nickel content. 

Nickel Silver 

Nickel is added to the copper-zinc alloys 
primarily to lighten their color and the 
resulting alloys are called nickel silver. 
These alloys are of two general types: 
an alloy containing 65% or more of cop¬ 
per and nickel combined and consisting 
of a single phase and an alloy containing 
55 to 60% of copper and nickel combined 
and consisting of two phases. Table 6 
gives the properties of the latter alloy; 
the former alloy is not generally used for 
welding and is not covered in this chap¬ 
ter. The tensile strength of nickel silver 


is quite high. The hardness of these ma¬ 
terials varies, the two-phase alloys having 
a high hardness. Electrical and thermal 
conductivities of the alloys are quite low. 
The single-phase, nickel-silver alloys are 
very seldom processed by hot working. 
Because of its plasticity over a wide 
temperature range the two-phase nickel 
silver may be hot worked by any of the 
commercial processes. The addition of 
lead to improve machining, however, 
makes this alloy unsuited for hot roll¬ 
ing and forging although the leaded alloys 
can be extruded hot without difficulty. 
The single-phase nickel silvers are very 
satisfactory for deep drawing, stamping 
and spinning; the two-phase alloys are 
difficult to cold work and are not com¬ 
monly processed by any of the cold-work¬ 
ing methods. These alloys can be softened 
bv annealing in a temperature range o 
900 to 1300°F. depending upon the prop¬ 
erties desired. The two-phase alloys are 
usually annealed after hot working to re¬ 
fine the structure. Although the £ en_ 
eral corrosion resistance of nickel silver 
is enhanced by the presence of nickel, the 
high zinc content of these alloys makes 
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Table 7—Wrought-Beryllium Copper 

Nominal composition, % —» 

2 Beryllium, 97.75 Copper, 0.25 Cobalt (or 

0.35 Nickel) 

Chemical composition, %: 


Beryllium 

Additive elements; 

1.90-2.15 


Nickel or cobalt or both, min. 

Nickel or cobalt plus iron, max. 

Copper plus beryllium plus additive elements, 
min. 

Melting range, °F.: 

Solidus 

Liquidus 

Electrical conductivity (volume), % IACS at 68°F. 

Thermal conductivity at 68°F., Btu./ft.*/ft./ c F./hr. 

Thermal expansion per °F.: 

68-212 

212-392 

392—572 

Specific heat, 86-212° F., Btu./lb./°F. 

Forms available (indicated by (X) or applicable 
ASTM Spec.) 

Plate, sheet and strip 
Rod, bars and shapes 
Tube 
Wire 

Mechanical Properties 

Mill Treatment ,- 


0.20 

0.60 

99.50 

1587 

1750 

Solution treated, quenched (A) 17 
A -f- precioitation hardening (AT) 21 
Condition A 48.4 
Condition AT 60.5 

9.2 X 10-« 

9.55 X 10 -« 

10.55 X 10-• 

0 . 1 


B194, B195 
B196 
X 

B197 


Cold rolled 


Solution treated, quenched 


Condition 

Tensile strength, psi. 
Elongation in 2 in., min.. r/ c 
Rockwell hardness 


As supplied, Precipitation 
A Hardened, 41 AT 

80.000 max. 150,000 min. 

35 5 

8011 max. 32C min. 


Rolled hard 


As supplied, Precipitation 
H Hardened, HT 

95,000 min. 180,000 min. 

2 0 1.0 

93B min. 39C min. 


rt For purposes of acceptance test--, heat treatment at 600 
solution treated (A), 3 hours; hurd (H), 2 hours. 


5' F. is specified for the following times 


them subject to dezincification under cer¬ 
tain conditions. These alloys are also sub¬ 
ject to stress corrosion if highly stressed 
and should therefore he stress relieved 
before being placed in service. 

Copper-Beryllium Alloys 

Copper-beryllium alloys usually contain 
approximately 17* to 2*/*% beryllium 
with slight additions of iron, nickel and sil¬ 
ver. These alloys have only moderate ten¬ 
sile strength in the cold-rolled, not age- 
hardened. condition. When age-hardened 
they have extremely high tensile strength 
and hardness. Similarly, electrical and 
thermal conductivities are lower in the 
non-aged condition than in the aged condi¬ 
tion These alloys are quite ductile when 
softened but lose their ductility if cold 
rolled or age-hardened. These alloys are 
characterized by high endurance limits un¬ 
der fatigue stress. Age-hardening of 
these alloys is accomplished by heating for 
two hours at 525 to 600°F. Copper- 
bcryllium alloys are generally good for 
hot working hut care must be taken to in¬ 
sure complete solution of copper-beryl¬ 
lium compounds. This is done by soaking 
them for prolonged periods prior to hot 


working. Copper-beryllium alloys are 
suitable for cold working provided they 
have not been age-hardened prior to cold 
working. These alloys do not work- 
harden too rapidly and can be drawn, 
stamped or spun. The cold-worked or 
age-hardened alloys can be rendered soft 
and malleable hv annealing for two to 
three hours at 1450 to 1500° F„ followed 
by water quenching. These alloys have 
a corrosion resistance comparable to cop¬ 
per or copper-silicon alloys (see Table 7). 

HOW TO WELD 
Carbon-Arc Welding 

Cof>f>cr. —Oxygen-bearing copper can 
be joined by carbon-arc welding with 
varying degrees of success. Because of 
the presence of copper-cuprous oxide 
eutectic, embrittlement is encountered to 
some extent, due to the high reducing at¬ 
mosphere surrounding the weld area. 
I he degree of embrittlement depends on 
the length of time the superheated copper 
is in contact with the reducing gases in 
the welding area. High fluid welding 
rods, such as Grade C or Grade D phos- 
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phor bronze, give best results because of 
the higher lineal speeds of welding attain¬ 
able with these rods. It is not practical 
to attempt the carbon-arc welding of this 
copper in thicknesses over 3 / 8 inch. Low- 
tin phosphor bronze (Grade E) can also be 
used for material up to 7 4 -in. thick with 
Grade C and Grade D rods. The low-tin 
rods permit the weld to be cold worked 
and are preferred for thicknesses up to 
V* in* if cold working is to be done after 
welding. No flux is required with these 
welding rods. 

Copper-silicon welding rods should not 
be used for oxygen-bearing copper. The 
lower welding speeds required with these 
rods permit the reduction of more copper 
oxide causing embrittlement. 

Material 3 /io- to Vs-in. thick should have 
a 45-deg. single-vee groove and a root 
opening of 3 / 32 to 7 i 6 in. should be used, 
the larger root opening being for the 
thicker material. A backing should al¬ 
ways be used to eliminate burning 
through. Graphitic-type carbon electrodes, 
sharpened to a long tapered point, should 
be used (see Chapter 9). The size of 
electrode should be at least equal to the 
size of welding rod, preferably larger. 
Multiple-pass welding is not generallv 
recommended. 

Oxygen-free coppers are more easily 
welded with uniform results because of 
the absence of the copper-cuprous oxide 
eutectic in the copper. Lineal speeds of 
welding will only affect the density of 
the weld and will be determined by the 
welding heat used. Copper-silicon weld¬ 
ing rods have proved most successful 
because of their ability to withstand the 
high heats of welding and ease of control 
of weld metal. Multiple-pass welding 
can hr done, which permits the welding 
of all thicknesses of copper. Flux de¬ 
signed for use with copper-silicon alloy 
welding rods should be used and applied 
as recommended under copper-silicon alloy 
welding (see page 749). Material 3 / in - to 
V4-in. thick should have a 45-deg. single- 
vee groove; a 45-deg. double-vee should 
be used for thicker material. Root 
openings of Vae to 7™ in. should be used 
depending on the thickness of the base 
metal. All welding should be done in a 
downhand position, and a copper backing 
used. If the backing is to be removed 
after welding, the thickness should not be 
less than V* inch. It is recommended that 
a groove approximately V«-in. wide and 


'/u 2 in. deep, be machined lengthwise in 
the bar to aid in obtaining proper pene¬ 
tration. A backing, approximately 7*-in. 
thick, may be used and left as a rein¬ 
forcement on the underside of the weld. 

Phosphor bronze, Grade C or D. 
\\ elding rods are used quite successfully 
for carbon-arc welding oxygen-free cop¬ 
pers. Multiple-pass welding is not rec¬ 
ommended and the thickness of copper 
should be limited to Vs inch. The 
ductility of the weld metal is not suf¬ 
ficient to allow much cold working or 
forming after welding. The high fluidity 
of the weld metal on heavier gages of 
copper has a tendency to cause cold laps. 
To minimize this, the work should be 
tilted to an angle of 7 to 15 deg. to permit 
welding slightly uphill to prevent the 
weld metal from flowing ahead of the arc. 
No flux is required; joint preparation and 
root openings are the same as for copper- 
silicon welding rods. 

Coppcr-Zinc Alloys (Brasses) .—Car¬ 
bon-arc welding is suitable for welding 
the low brasses using a copper-silicon 
welding rod containing 3% silicon. With 
proper manipulation .of the arc, very 
little fuming will occur since a minimum 
amount of the base metal is disturbed. 
The fuming that may occur is caused by 
the evolution of zinc from the base metai, 
which combines with oxygen of the 
atmosphere to form zinc oxide (white 
fumes). Phosphor bronze welding rods 
containing 8 and 10% tin can be used 
for single-pass welds but copper-silicon 
welding rods should be used for multiple- 
pass welds. 

For thicknesses under */i« in. a square 
groove may be used, with a grooved back¬ 
ing. For thicknesses between Vm and 
Vs in., a 45-deg. single-vee groove 
should be used; for Vs to 3 /< in. a 37'I »- 
deg. groove angle should be used. All 
thicknesses should be welded by multiple- 
pass welds and suitable flux, in the form 
of a thin alcoholic paste, applied to the 
work and the welding rods. 

For carbon-arc welding the high brasses 
either a low fuming bronze or a copper- 
silicon welding rod containing 3% silicon 
should be used. The copper-silicon weld¬ 
ing rod is preferred because of its greater 
ease of handling during welding and the 
greater ductility of the resulting weld. 

The welding of the high brasses causes a 
considerable evolution of zinc fumes. 
These fumes (zinc oxides) must be re- 
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moved and this is best done with the use of 
exhaust fans and flexible hose leads. 

Preheating of the base metal, not in 
excess of 400 °F., is essential to obtain 
proper fusion and sound weld metal. 
All metal thicker than Vs in. should be 
beveled to a 45-deg. groove angle to mini¬ 
mize disturbance of the base metal. Mul¬ 
tiple-pass welding is recommended for 
thicknesses 8 /i« in. and heavier. Particular 
care should be taken to chip out all 
crater cracks that occur at all stops in 
the welding, particularly if low-fuming 
bronze welding rods are used. Flux 
should be used in the same manner as 
recommended for copper-silicon alloy 
welding, i.e., thin paste with alcohol 
painted on the cold work before preheat¬ 
ing and dry flux sprinkled on lightly 
after the work is hot. The proper flux 
should be used in each instance as 
different fluxes are required for the cop¬ 
per-silicon and the low-fuming bronze 
welding rods. 

Copper-Silicon Alloys ( Silicon 
Bronze ).—Silicon bronzes may be welded 
by carbon-arc welding using welding rods 
of approximately the same composition. 
The ease of welding is due to the low 
thermal conductivity, the lack of inter¬ 
ference of oxides or compounds formed, 
and the flowing properties and density 
of the weld metal. Phosphor bronze 
(Grade C or D) welding rods are 
•suitable for thicknesses up to in. but 
arc not commonly used because of their 
greater fluidity. 

Graphite electrodes are superior to or¬ 
dinary carbon electrodes. For best results, 
the electrodes should be sharpened to a 
long tapered pencil point. When the 
point becomes blunt, the electrode should 
be changed. The size of electrode should 
never be less than the size of the welding 
rod and preferably slightly larger. 

Cleanliness is of prime importance for 
uniformity in the quality of the weld. 
Grease, oil, paint and dirt should be 
thoroughly removed. Heavy black oxide 
scale should also be removed either by 
pickling or grinding the surfaces adjacent 
to the weld area prior to welding. 

Suitable flux must be used to insure 
uniform results. This flux is best applied 
to the cold work by brushing on a thin 
paste made with methyl alcohol along 
the edges to be joined. When the work is 
hot, the dry flux should be sprinkled on 
the work prior to welding. 


Excessive heat will cause hot-short 
cracks in the weld metal. Crater cracks 
at the ends of a weld are due to the 
shrinkage of the metal induced by higher 
heats w-hen the arc is broken. 

All welding should be done with as few' 
stops and starts as possible to minimize 
crater cracks. When such stops do occur, 
it is advisable on the next start to strike 
the arc about 1 in. back from the last stop. 
Recause of the hot-short characteristics 
of these alloys, all welding layers after 
the first in multiple-pass welding should 
be started at a point about 2 to 4 in. from 
the end of the joint. After completion of 
this layer, the unwelded portion should 
then be welded from the start of the 
layer to the end of the joint. 

It is advisable to bevel all thickness 7,« 
m. and heavier using a 3772- to 45-deg. 
angle of bevel. Single-vee groove butt 
joints are recommended for thicknesses 
to s / 4 in. without backing. For thick¬ 
nesses over s / 4 in., double-vee groove butt 
joints are recommended. (Root opening 
should be from Vie to Vs in. depending 
on thickness of base metal.) Thicknesses 

:<s in. and heavier should be welded using 
multiple passes. In laying down the first 
pass, a small welding rod with low heat 
should be used, and the rod size and cur¬ 
rent input increased for later passes. Slag 
should be removed from each layer by the 
use of a wire brush before starting the 
succeeding layer. 

Copper-Aluminum Alloys (Aluminum 
Bronze). —Carbon-arc welding is used 

joining the alumi¬ 
num bronzes, especially where an ex¬ 
ceptionally dense deposit is required and 
the higher heat developed in welding by 
this process is permissible. 

Covered filler metal of Classifications 
KCuAl-A, B, C, D and E (see Chap¬ 
ter 38) are recommended for use with 
this process instead of bare rods because 
the very refractory aluminum oxides 
formed during wielding must be thoroughly 
fluxed in order to obtain a satisfactory de¬ 
posit. Covered electrodes are available in 
^>-in. lengths for this purpose. 

The size of carbon electrode to be se¬ 
lected depends upon the welding rod di¬ 
ameter and the welding current required 
for the specific application. In general, 
the current ranges found satisfactory for 
the average high graphite electrode used 
for this purpose are as follows: 
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Carbon Elec¬ 
trode, Diara., 

Welding Rod, 

Current, 

In. 

Diam., In. 

Amp. 

3 /io 

3 /3l\ Vs, “/32 

60-80 

V4 

5 /o2, 3 /l0 

80-130 

3/ S 

3 /l0, V4 

130-250 

V* 

V4, VlO 

250-350 

3 /4 

5 /io, 3 /s 

350-500 

1 

3 /8, V2 

500-700 


Carbon electrodes should be formed by 
grinding or filing the carbon rod to a 
conical taper 4 or 5 in. in length. Straight 
polarity (electrode negative, work posi¬ 
tive), direct current should be used in 
welding. 

Groove preparation can be determined 
by referring to Fig. 1. In carbon-arc 
welding it is permissible to use a 60-deg. 
single-vee groove for the heavier sections. 


D-s Z 2 s Z Z Z s » 

‘ (a) 



Fig. 1.—Edge Preparations for Welding 
Copper and Copper Alloys 


A backing of matching plate is desirable. 

For the low aluminum grades in heavy 
sections, a preheat and interpass tempera¬ 
ture of 400 °F. should be used. For the 


higher aluminum grades (Rockwell 90B 
and over), preheat temperatures should 
range from 700 to 800 °F. to avoid crack¬ 
ing of the deposit. 

In groove welding, the graphite elec¬ 
trode is directed back on the deposited 
weld metal at an angle of approximately 
15 deg. to the horizontal. The arc length 
should be about equal to the diameter of 
the welding rod. The electrode is pointed 
back toward the completed weld for two 
definite reasons: (1) to control the flow 
of the slag formed in welding with covered 
filler metal so the slag will form over 
the deposited metal rather than run ahead 
of the bead; (2) the deposited weld metal 
flow can be directed more easily filling 
in undercut formed at the side walls. 

The intense heat of the carbon-arc can 
be evenly distributed if the carbon elec¬ 
trode is manipulated with a rapid weaving 
motion. The width of this weave will 
be determined by the type of weld and the 
dimensions of the joint or work which 
is being welded. All slag should be 
thoroughly cleaned between layers. All 
welding should be done in the flat posi¬ 
tion. No postheat treatment is required 
for the low aluminum grades. For the 
high aluminum grades an anneal at 1150° 

F. is required followed by rapid cooling 
with a blast of air. 

Copper-Beryllium Alloys (Beryllium 
Copper ).—The carbon-arc welding process 
is used in joining beryllium copper and 
surfacing areas with beryllium copper de¬ 
posits using a coated welding rod. Like 
the refractory oxides formed in welding 
the aluminum bronzes, the very refrac¬ 
tory beryllium oxides formed during weld¬ 
ing must be thoroughly fluxed in order 
to obtain sound, slag-free deposits. 
Beryllium copper electrodes are available 
in either short lengths or in 36-in. lengths. 
Electrodes having nickel as a secondary 
alloy are preferred to those having cobalt 
since the deposited weld metal obtained 
from them have maximum mechanical 
properties in the heat-treated condition. 

Base metal preparation and welding 
technique are the same as those described 
for carbon-arc welding of the aluminum 
bronzes. Recommended preheat and in¬ 
terpass temperature is usually from 600 
to 700 °F. 

In service, beryllium copper is usually 
heat treated to develop maximum mechan¬ 
ical properties. Therefore, heat treat¬ 
ment is recommended after welding, con- 
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sisting of heating the part to 1450 °F., 
holding at this temperature for one hour 
per inch of thickness, and water quench¬ 
ing and drawing at 600 °F. 

Dissimilar Metals .—The joining of any 
of the various copper-alloy base metals 
to each other or to steel can successfully 
be done by carbon-arc welding. Specific 
comments concerning the welding of the 
various alloys themselves should be taken 
into consideration before starting the job. 
Copper-silicon welding rods will give the 
best and most uniform results except when 
oxygen-bearing copper is one of the base 
metals. Phosphor bronze, Grades C or D, 
welding rods can also be used but are sub¬ 
ject to the same limitations as when weld¬ 
ing similar base metals. 

Copper-silicon welding rods are usually 
used for joints between copper and steel 
sections. For best results, no melting of 
the steel must occur since high porosity 
and brittleness will result. To minimize 
steel disturbances, an oversized welding 
rod and a concentration of heat on the 
welding rod and copper-alloy base metal 
are recommended. Flux should he used 
as previously specified under copper-sili¬ 
con alloy welding. 

Shielded Metal-Arc Welding 

(rcneral. —Coated electrodes of compo¬ 
sition similar to the base metals covered 
in this chapter are available for use in 
shielded metal-arc welding of copper and 
the copper alloys with the exception of 
the copper-zinc alloys (brasses). The 
brasses can be welded with either phos¬ 
phor bronze, aluminum bronze or silicon 
bronze electrodes depending on the base 
metal composition and service require¬ 
ments. Hare electrodes can also be used 
to weld copper, the copper-tin and copper- 
silicon alloys. (Also see Chapter 10 for 
further information on shielded metal-arc 
welding.) 

Most copper and copper-alloy covered 
electrodes are designed to operate with 
d.c. reverse (positive) polarity, although 
some grades are also available for use 
with alternating current. Techniques for 
metal-arc welding of copper and the cop¬ 
per alloys vary slightly from those used in 
steel welding because the alloys have: 

1. Higher thermal conductivity. 

2. Higher electrical conductivity. 

3. Higher coefficients of thermal ex¬ 
pansion. 


4. Lower melting points and greater 
fluidity of the molten metal at arc-weld¬ 
ing temperatures. 

As compared with steel welding it is 
necessary, generally, in metal-arc weld¬ 
ing of copper and copper alloys to: 

1. Allow greater root openings. 

2. Use larger groove angles. 

3. Tack weld more frequently. 

4. Use higher preheat and interpass 
temperatures. 

5. Use higher current for size of 
electrode and plate thickness. 

Recommended joint designs are shown in 
big. 1. Tight joints are to be avoided in 
light sections. Wide grooves are neces¬ 
sary in heavy sections to avoid excessive 
undercutting, slag inclusions and porosity. 

Generally, backings of the same com¬ 
position as the base metal are used, al¬ 
though copper and carbon strips can be 
u>ed satisfactorily with most of the alloys. 
A grooved backing strip is often used re- 
Mdting in the formation of a small bead 
on the under side of the joint. 

Although copper and copper-alloy elec¬ 
trode deposits flow smoothly in iron-base 
metals, most deposits flow rather slug¬ 
gishly in matching plate compositions. 
Therefore, higher preheat and interpass 
temperatures are required, especially for 
joining heavy sections (see Table 8). A 
good general rule to follow in preheating 
copper and copper alloys is to use 400°F. 
tor bronze, with the exception of silicon 
bronze for which the temperature should 
not exceed 150°F.; 500 to 600°F. for 
brasses; 700° F. for beryllium-copper; and 
800' F. for copper. 

All-weld-metal values shown in Table 

0 are as-welded with electrodes of similar 

composition except those given for the 

copper-zinc (brass) alloys. Low-strength 

brasses are usually welded with phosphor 

bronze electrodes and the higher strength 

brasses are joined with aluminum bronze 
electrodes. 

I eening is often used to reduce stresses 

in the joints and to some extent improve 

the mechanical properties by refining the 

gram of the deposit. Flat-nosed tools 

with numerous moderate blows should be 

used ; if blows are too vigorous, localized 
iailure may occur. 

Copper. Electrolytic, tough pitch cop¬ 
per is not recommended for joining bv 
means of welding if strength joints are re- 
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quired, because the dispersed cuprous 
oxides present in the base metal cause em¬ 
brittlement of the joint at the fusion zone, 
resulting in loss of strength to approxi¬ 
mately one third that of the base metal. 

Copper may be joined by soft soldering 
or brazing. If strength joints are not 
essential, welding can be readily accom¬ 
plished with electrodes ECu, ECuSn-A, 
ECuSi and bare rods of similar composi¬ 
tions as described under deoxidized 
copper. 

In the shielded metal-arc welding of 
copper, deoxidized copper electrodes, ECu, 
and bare rods of similar composition must 
be used where the metal is required to 
have high thermal or electrical conduc¬ 
tivity or corrosion-resisting character¬ 
istics comparable to the base metal. 
Where service requirements will allow, 
phosphor bronze (ECuSn-A) and silicon 
bronze (ECuSi) electrodes may be used 
because the deposits flow better at lower 
preheat and interpass temperatures. In 
metal-arc welding, a grooved backing 
strip of copper should be used with a wide 
groove. The joints may be restrained 
moderately by clamping. Tight clamping 
will cause the deposits to crack. Down- 
hand welding only is recommended. 

Preheat and interpass temperatures of 
800 to 1000°F. must be used and main¬ 
tained, especially on heavy sections, due 
to the high thermal conductivity of copper. 
The largest diameter electrode possible 
should be selected and high current is 
required to flow the weld metal into the 
side walls thereby minimizing undercut¬ 
ting and the resultant slag inclusions. 
Either weave or string beads can be used 
depending upon the width of the groove. 
Usually, no postheat treatment is required. 

Copper-Zinc Alloys (Brasses ).—Both 
the high and low brasses are readily 
welded by the shielded metal-arc process 
with phosphor bronze (ECuSn-A) or 
aluminum bronze (ECu AT A) electrodes 
depending upon the service requirements 
and the mechanical properties desired. 
The ECuAl-A electrode is used where 
high tensile strength, high fatigue strengt 
and corrosion resistance are necessary. 
The ECuSn-A electrode is recommended 
for the lower zinc content alloys where 
tensile strength requirements are 4U.UUU 
p.s.i. maximum. Lead-bearing copper-zinc 
alloys are considered unweldable n a 
sound, porous-free deposit is reqmrec • 

A backing strip of either matching plate 
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Table 9—Mechanical Properties of Copper and Copper 

Alloy Weld Metal 

Base Metal 

Ultimate Tensile Strength, 
psi. (Av.) 

Elongation in 2-In., 

% (Av.) 

Copper (deoxidized) 

Shielded Metal-Arc Welding 

25,000 

20 

Copper-zinc alloys 

30,000-70,000 

5-20 

Copper-silicon alloys 

40,000-46,000 

20-25 

Copper-tin alloys 

40,000-50,000“ 

15-45° 

Copper-aluminum alloys 

70.000-90,000 

25-0 

Copper-nickel alloys 

45,000-50,000 

25-30 

Copper-beryllium alloys 

120,000-136,000^ 

1 .56 


“ Hot peencd. 

6 Heat treated. 

Note: See Tables 1-7 for mechanical properties of wrought metals. 


or copper should be used. Wide grooves 
are essential in order to secure proper 
penetration and avoid slag inclusions (see 

Fig. 1). 

The low-zinc brasses are readily weld¬ 
able at preheat and interpass temperatures 
of from 400 to 500 F. However, alloys 
of high zinc content like Muntz metal, 
Naval brass and manganese bronze will 
weld more readily at higher preheats from 
500 to 700° F. 

All welding should be done in a flat 
position. When using aluminum bronze 
(ECuAl-A) electrodes for welding the 
higher strength brasses, the largest elec¬ 
trode practical should be used with d.c., 
reverse polarity using the high side 
of the range. Due to the zinc volatiliza¬ 
tion, the arc must be concentrated and a 
small puddle of weld metal started at one 
point, playing the arc on the deposit and 
progressing slowly to secure a braze-weld- 
ing action resulting in a minimum loss of 
zinc. If possible, the weld metal should 
be deposited by weaving approximately 
three times the width of the electrode 
diameter, pausing at the side walls to fill 
in undercut, which usually occurs in weld¬ 
ing these alloys. 

Shielded metal-arc welding of the 
brasses with phosphor bronze (ECuSn- 
A) electrodes requires a different tech¬ 
nique if maximum mechanical properties 
are to be obtained in the joints. Preheats 
are generally lower when using this type 
of electrode. However, amperages on the 
high side of the range should be used 
with fast, thin string beads. Usually, no 
postheat treatment is necessary. 

Copper-Silicon Alloys (Silicon Bronze). 
—The silicon bronzes are readily weldable 
by shielded metal-arc welding using cither 
silicon bronze (ECuSi) or aluminum 
bronze (ECuAl-A) electrodes. Although 
most fabrication has been done in the past 
using the carbon-arc process, the use of the 


metal-arc has increased within recent years 
because less heat is developed in the joint, 
minimizing cracking. 

Welding is facilitated by the low heat 
conductivity of these alloys. However, 
silicon bronzes are hot short and care 
must be exercised to avoid overheating 
of the joint. Because the silicon bronzes 
have lower thermal conductivity than 
other copper alloys, groove preparations 
are similar to those used in steel welding. 
Sheets up to B /*»-in. thick can be welded 
with square grooves. Sheets of greater 
thickness can be prepared with either a 
single- or double-vec groove having a 
60-deg. groove angle. The black oxide 
remaining on some of the heavier sheets 
should be removed by grinding. A hack¬ 
ing strip of matching plate is desirable. 

The silicon bronzes should not be pre¬ 
heated and interpass temperature should 
he maintained at 150°F. maximum. 
Rapid welding is required; therefore, with 
either the silicon bronze (ECuSi) or 
aluminum bronze (ECuAl-A) electrodes, 
the weld metal should be deposited in fast, 
string beads using current in the middle 
of the recommended range for the size 
used with a short arc and maintaining a 
small puddle to avoid excessive over¬ 
heating of the hot-short base metal. 
Downhand welding is preferred, although 
the silicon bronze electrodes can be used 
in the vertical and overhead positions. 

Moderate peering with flat tools will 
increase mechanical properties of the weld 
metal and reduce stresses in the joint. 
No postheat treatment should be used. 

Copper-Tin Alloys (Phosphor Bronze). 
—The tin bronzes are inclined to be hot 
short and subject to interdendritic shrink¬ 
age of the low-melting constituents. They 
require rapid welding and therefore, 
shielded metal-arc welding is the most 
satisfactory means of joining these alloys. 
Some of the copper-tin alloys contain lead 
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in rather appreciable amounts; these can¬ 
not be welded if quality joints are required. 

Two coated electrodes are available for 
welding these alloys, which can be used 
interchangeably; they are the phosphor 
bronze electrodes ECuSn-A and ECuSn-C. 
The difference is in the tin content of the 
core wire. Bare electrodes of similar 
composition are also used although the 
covered electrodes are preferred because 
of improved manipulative characteristics 
and mechanical properties of the deposited 
metal. Most electrodes are designed for 
use with d.c., reverse polarity; a.c. elec¬ 
trodes are also available. 

The tin bronzes have a tendency to flow 
sluggishly requiring preheat and interpass 
temperatures of 300 to 400°F., especially 
on heavy sections. A backing strip of 
matching plate is desirable. In the low 
tin compositions and heavy plate sections, 
wide grooves are also recommended in 
order to wash the side walls properly. 
The current used should be in the middle 
of the recommended range. All welding 
should be done in the flat position, if 
possible, although most electrodes avail¬ 
able can be used in the vertical and over¬ 
head positions, if necessary. 

In groove welding, the first two layers 
may be deposited using a slight weaving 
technique; the width of weave should not 
exceed two electrode diameters. The bal¬ 
ance of the layers should be made with 
fast, thin string beads in order to obtain 
a dense, fine-grain deposit with maximum 
mechanical properties, as-welded. Tin 
bronzes inherently have a coarse, den¬ 
dritic grain structure which is reproduced 
in weld deposits resulting in low mechani¬ 
cal properties if proper precautions are not 
taken in welding. This coarse-grain 
structure can be refined to some extent by 
using a string bead technique with a 350° 
F. preheat and interpass temperature. It 
can be almost entirely eliminated by hot 
peening the deposit to produce a fine-grain 
structure with increased tensile strength 
and ductility. The short-arc technique 
similar to that used with covered steel 
electrodes is recommended. Ordinarily, 
for most service requirements, postheat¬ 
ing is not essential. However, if maximum 
ductility in the deposit is required, a post¬ 
heat treatment of 900°F. with fast cool¬ 
ing is recommended. 

Copper-Aluminum Alloys (Aluminum 
Bronze ).—Shielded metal-arc welding is 
used extensively for all grades of aluminum 


bronze. Five types of covered electrodes 
are available covering a wide range of 
compositions and mechanical properties, 
i.e., ECuAl-A, B, C, D and E, for opera¬ 
tion on d.c., reverse polarity; electrodes 
are also available for welding with alter¬ 
nating current. 

The low aluminum content electrodes, 
ECuAl-A and ECuAl-B, are used for 
joining commercial grades of aluminum 
bronze sheet and plate as well as other 
copper alloys. The deposits have excep¬ 
tionally good hot strength and hot ductil¬ 
ity. The higher aluminum grades, ECuAl- 
C, D and E, are used to join similar 
grades of aluminum bronze and to sur¬ 
face bearing and wearing surfaces. 

Aluminum bronze cannot be welded 
with bare electrodes using the metal-arc 
process because the highly refractory 
aluminum oxides formed must be removed 
by fluxing in order to secure a satisfac¬ 
tory deposit. As with the silicon bronzes, 
a 60-deg. groove angle may be used for 
heavier sections. A backing strip of 
matching plate is recommended. 

For the low aluminum (soft) grades in 
heavy sections, a preheat and interpass 
temperature of 400°F. should be used. 
For the higher aluminum grades (Rock¬ 
well 90B and over), temperatures in the 
range of 700 to 800 °F. should be used to 
avoid deposit cracking. Welding cur¬ 
rents should be in the middle of the recom¬ 
mended range. Groove welding tech¬ 
nique is similar to that used in welding 
steel, except that a slightly longer arc 

is necessary. 

Either weave or string beads may be 
used with equal success and bead thick¬ 
ness has little effect upon the mechanical 
properties since the deposits have excep¬ 
tionally good hot ductility and strength. 
In other words, the deposit is not hot 
short like that produced by silicon bronze 
electrodes. Also, the deposit does not 
have a tendency to develop a coarse-grain 
structure like the phosphor bronze elec¬ 
trodes. Downhand welding is, of course, 
preferred. No postheat treatment is re¬ 
quired for the low aluminum grades; an 
anneal at 1150°F. is required for the high 
aluminum grades followed by rapid cool¬ 
ing in air. 

Copper-Nickel Alloys .—The copper- 
nickel alloys are metal-arc welded with a 
heavy covered electrode (ECuNi) having 
a copper-nickel core wire with a nominal 
composition of 30% nickel and 70% cop- 
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per. Its use is limited to the joining of 
copper-nickel sheet and plate with nickel 
contents from 20 to 307c and the joining 
of iron-base metals to copper-nickel al¬ 
loys. 

Like the silicon bronzes a 60-deg. groove 
angle can be used for heavy sections. 
Also, these alloys are hot short; there¬ 
fore, no preheat should be used and inter¬ 
pass temperatures should not exceed 
150°F. 

Only covered electrodes should be used 
because the highly refractory nickel oxides 
formed must be fluxed properly in order 
to produce quality weld deposits, smooth 
in appearance and free from slag and por¬ 
osity. Electrodes operate on d.c., reverse 
polarity; the middle of the recommended 
amperage range should be used and weld¬ 
ing should be done in the flat position. 
It is important to remove all slag care¬ 
fully before applying subsequent layers. 
The string bead technique is desirable de¬ 
positing fast, thin layers in order to avoid 
overheating. Peening moderately with a 
flat tool is desirable to improve mechani¬ 
cal properties of the deposit and reduce 
stresses in order to avoid cracking. No 
postheat treatment is necessary. 

Copper - Beryllium Alloys .—Covered 
beryllium copper electrodes having a nomi¬ 
nal core wire composition of 1.17 nickel, 
2.507 beryllium and balance copper, are 
available for metal-arc welding these al¬ 
loys and for building up wearing sur¬ 
faces. These electrodes operate on d.c., 
reverse polarity. Bare electrodes cannot 
be used to weld the beryllium-copper al¬ 
loys because of the highly refractory 
oxides formed. The aluminum bronze 
electrode ECuAl-A can also be used 
for the repair welding of beryllium-cop¬ 
per where the higher electrical conduc¬ 
tivity of the base metal is not required, 
and for welding beryllium-copper to dis¬ 
similar metals. 

The edges of the plate should be pre¬ 
pared for welding with a 90-deg. vee 
groove for butt welding heavy sections and 
a root opening sufficiently large to assure 
1007 penetration. W herever possible a 
copper or carbon backing should be used 
to prevent burning through and collaps¬ 
ing of the metal. 

On large masses, a 600 to 700° F. pre¬ 
heat and interpass temperature will aid 
in obtaining a smooth weld and preventing 
undercutting. The technique used in weld¬ 
ing this alloy is similar to that for alumi¬ 


num bronze. Work should be positioned 
so all wielding can be done in the down- 
hand position. The weld metal can be 
deposited in either string beads, or weave 
beads three to four times the width of 
the electrode diameter. Since the metal 
transfer of the beryllium copper electrode 
is globular and erratic, a slightly'' longer 
arc should be used in order to avoid freez¬ 
ing of the electrode. In groove welding 
the arc length should be increased as side 
walls are approached in order to obtain a 
smooth bead and prevent undercutting. 
Slag should be thoroughly removed be¬ 
tween beads. Peening between layers is 
not necessary but beneficial. 

If maximum hardness is to be developed 
a beryllium copper deposit should be heat- 
treated in the following manner: Heat 
to 1450° F. and hold at this temperature 
for one hour per inch of thickness, water 
quench and draw' at 600°F. for one hour 
per inch of thickness. The hardness of 
beryllium copper deposits, as-welded, is 
150 to 160 Brinell. After heat treatment, 
hardness values are approximately 300 
Brinell. 

Dissimilar Metals .—Bronze electrodes 
have been used for many years to join 
dissimilar metals, i.e., steel to brass, cast 
iron to bronze, steel to cast iron, stain¬ 
less steel to mild steel, bronze to brass, 
etc., and for joining hard to weld iron- 
base metals, such as, re-rolled rail stock, 
cast iron, tool steels, high-carbon steels, 
etc. 

Copper-alloy electrodes are used for 
this purpose because their low'er melting 
points produce a weld bond with the non- 
ferrous alloys and a braze-w'elded bond 
with the ferrous metals and alloys. It 
is impossible to secure a quality weld with 
ferrous electrodes in joining copper-base 
to iron-base metals. 

In welding dissimilar metals, if the 
base metals to be joined are a copper-alloy 
and an iron-base metal, an electrode simi¬ 
lar to the copper-alloy in composition 
and/or mechanical properties should be 
used. If two different copper-alloys are to 
be joined, a bronze electrode producing 
a tensile strength within the range of the 
alloy or metal having the low’er tensile 
strength of the two should be used. There 
are, of course, exceptions to all rules. 
However, generally, if this procedure is 
followed, chances of serious difficulties 
are minimized. (Consult Table 8 for 
more detailed recommendations.) 
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A grooved carbon or copj>er backing 
strip should be used to assure complete 
penetration and prevent burning through 
of the deposit. Preheat and interpass 
temperature for joining dissimilar metals 
is that recommended for the metal or alloy 
requiring the highest preheat temperature 
of the two metals being welded. 

When copper, brass or beryllium-copper 
are to be joined to ferrous alloys or met¬ 
als, the current should be at the high 
side of the recommended range. If cop¬ 
per-tin, copper-silicon, copper-nickel or 
copper-aluminum alloys are to be joined 
to ferrous metals, the middle of the rec¬ 
ommended current range is preferred. 
If two iron-base metals or alloys are to be 
joined, the low side of the recommended 
current range should be used. 

In joining ferrous to nonferrous metals 
and alloys, the work should be positioned 
for welding in the flat position. Satis¬ 
factory horizontal fillet welds can be 
made if the ferrous plate is placed in the 
vertical plane and the nonferrous plate 
in the horizontal plane. 

The arc is always directed toward the 
copper-base alloy side of the joint in 
either fillet or groove welding because 
the magnetic disturbances set up between 
two dissimilar metals having wide varia¬ 
tions in electrical conductivity or con¬ 
versely, electrical resistance, tend to pull 
the arc to the iron-base metal side of 
the joint. 

When welding in a groove with phos¬ 
phor bronze, silicon bronze or copper- 
nickel electrodes, string beads are pre¬ 
ferred. When welding with aluminum 
bronze, beryllium-copper or copper elec¬ 
trodes equivalent results can be obtained 
using either the string or weave bead 
technique. Peening is beneficial if used 
moderately. Usually, in dissimilar weld¬ 
ing no postheat treatment is required. 

Atomic Hydrogen Welding 

This process has been used to a limited 
extent only for welding copper and copper 
alloys. Welds made by atomic hydrogen 
welding are characterized by porosity 
when the copper content is high. Flux 
is always required and filler metal of the 
same composition as the base metal is 
usually used, either cut in strips or drawn 
into wire form. Tobin bronze has been 
found to be very satisfactory as filler 
metal for common brass. (See Chapter 
11 for further information on atomic hy¬ 
drogen welding.) 


Inert-Gas Metal-Arc Welding 

The advantages of welding by this proc¬ 
ess are the ability to produce sound 
welds having high strength and ductility 
and the ability to confine the weld puddle 
to a small area by use of high current 
densities. Fluxes are not required for 
most applications. 

Table 10 gives a list of the welding 
rods recommended for inert-gas metal- 
arc welding various base metals. 

Copper. —Oxygen-bearing copper may 
be welded by inert-gas metal-arc welding, 
although this material is not recommended 
where best quality welds are required 
because some amount of porosity is always 
obtained. If oxygen-bearing copper is 
welded by this process, a preheat of 400 
to 600°F. should be used. 


Table 10—Welding Rods Recommended for 
Use with Various Base Metals for Inert-Gas 

Metal-Arc Welding 

Base Metal Welding Rod 

Copper Deoxidized copper or copper- 

silicon 

Copper-zinc f 

Copper-silicon * Copper-silicon 
Copper-tin ' 

Copper-aluminum Copper-aluminum 
Copper-nickel Copper-nickel, copper-silicon 

Copper-beryllium Copper-beryllium 
Iron and steel ) Copper-silicon, copper-alumi- 
Cast irons 1 num 


Oxvgcn-free copper may be welded by 
inert-gas metal-arc welding in thicknesses 
up to V 2 inch. A bare welding rod of 
copper alloyed with small amounts of 
silicon, manganese and tin will give welds 
of strength ranging from 29,000 to 30,000 
psi. and ductility which will permit a 
weld in Va-in. plate to be bent 180 de¬ 
grees. Copper-silicon welding rods may 
also be used. The forehand technique is 
preferred and either argon or helium 
without flux may be used. A borax- 
boric acid flux is recommended for weld¬ 
ing pure copper only in thicknesses of V« 
in. or more. 

Copper-Zinc Alloys (Brasses). —Low- 
zinc or red brass can be welded satisfac¬ 
torily by the inert-arc process using a cop¬ 
per-silicon welding rod. The amount of 
zinc fuming may be reduced by machine 
welding where the speed of welding and 
the small weld puddle tend to cool the 
weld more rapidly avoiding the vaporiza¬ 
tion of the zinc. Either helium or argon 
can be used as the shielding gas. 
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Copper-Silicon Alloys (Silicon Bronze). 
—The advantages of these alloys from a 
welding standpoint, apply to this process 
as they do to the other welding processes. 
In addition the inert-gas metal-arc proc¬ 
ess eliminates the need for a flux. Welds 
can be made in material up to 1-in. thick 
and in all positions of welding. Plates up 
to 74-in. thick may be butt welded with 
square edges. Plates 7* to 1 in. thick gen¬ 
erally are prepared with a 70-deg. single- 
vee groove. Either argon or helium may 
be used with d.c., straight polarity. Welds 
have shown a minimum of hot cracking 
and a transverse tensile strength of about 
52,000 psi. with an elongation in 2 in. 
of 50%. Low temperature impact proper¬ 
ties of the weld metal and heat-affected 
zone are good at temperatures down to 

-325 °F. 

Copper-Tin Alloys ( Phosphor Bronze) . 
—As already indicated these alloys have a 
tendency toward hot shortness and forma¬ 
tion of oxides when heated so that a wide¬ 
spread heating and slow cooling are likely 
to cause oxides and porosity in weld 
metal. I he inert-gas metal-arc process 
is suitable for welding these alloys if a 
small amount of porosity is not objection¬ 
able. Either argon or helium may be used 
with d.c., straight polarity and without 
a flux. 

Copper-Aluminum Alloys (Aluminum 
Bronze). —These alloys can be welded by 
the inert-arc process using either helium 
or argon without flux. A copper-alumi¬ 
num welding rod is used. Either d.c., 
straight polarity or a.c. may be used. 
For a.c. cither standard transformers 
with continuous high frequency stabiliza¬ 
tion or high open-circuit-voltage trans¬ 
formers designed especially for this proc¬ 
ess may be used. The former type of 
equipment should be used with argon only ; 
the latter type may be used with either 
helium or argon. 

( opper-Xickel Alloys. —These alloys 


can be welded by the inert-arc process 
with a 70 Cu, 30 Ni welding rod, without 
a flux. Either helium or argon may be 
used with d.c. straight polarity or alter¬ 
nating current. For a.c. either standard 
transformers with continuous high-fre¬ 
quency stabilization or high open-circuit- 
voltage transformers designed especially 
for this process may be used. The former 
type of equipment should be used with 
ar £° n only; the latter type may be used 
with either helium or argon. 

C oppcr-Beryllium Alloys.— The same 
comments as made for copper-nickel and 
copper-aluminum alloys apply to these 
alloys. 

Dissimilar Metals.—C opper can be 
welded to silicon bronze using a copper- 
silicon welding rod. Other combinations 
of copper alloys which may be welded to 
each other or to ferrous metals include: 
copper to steel, cast iron to copper, alumi¬ 
num bronze to steel and copper to stain¬ 
less steel. In all cases a copper-silicon 
welding rod is used; aluminum bronze 
welding rod also is suitable for these 

applications except copper to stainless 
steel. 

General.— Typical ranges of current, 
electrode sizes and gas flows for inert-gas 
metal-arc welding copper and its alloys are 
given in Table 11. The specific values 
to use will vary for each material and 
for variations in welding procedure. (See 
Chapter 12 for further information on 
inert-gas metal-arc welding.) 

Submerged Arc Welding 

General. —The submerged arc welding 
of copper and its alloys is complicated by 
the high thermal conductivities and low 
melting points of these metals. Suitable 
granular welding compositions or fluxes 
have been compounded and techniques for 
welding have been developed with which 
butt and fillet welds can be made with 


Metal 

Thickness, 

In. 


&• 


Tabl e 11- I nert-Gas Metal-Aro Welding Copper and It. Alloy. 


Tungsten 
Klectrode Size 
In 


He 

H 


-Helium- 

Current 
(D C Straight 


— Argon 


Current 

Polarity),'An,p~« Cu F”/Hr. PoUHty^AmpS 


50-125 
125-225 
200-300 
250-350 
300-550 


10 15 
14 20 
10-22 
20-30 
25-35 


• U hen welding with a.c. use about CO to 70% of these currents. 


CO-150 
140-280 
250-375 
300 475 
400-000 


Gas 

Cu. Ft./Hr 


8-12 

10-15 

12-18 

16-25 

20-30 
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almost the same facility and economy as 
they are made in steel. Satisfactory 
physical and mechanical properties are ob¬ 
tained and the weld metal composition 
falls within that specified for the base 
metal. The experience of fabricators and 
the various laboratories has generally 
been on plates from Vs- to s /«-in. thick 
which have been welded in either a single 
pass against a removable backing bar or 
as a double-vee type butt joint with one 
pass on either side of the joint. (See 
Chapter 13 for further information on 
submerged arc welding.) 


in the same manner as outlined for elec¬ 
trolytic copper. 

Table 13 shows mechanical properties 
and weld metal analysis for joints in de¬ 
oxidized copper. 

Copper-Zinc Alloys (Brasses). —Since 
the zinc present in the brasses fumes at 
the welding temperatures, submerged arc 
welding is not recommended. 

Copper - Silicon Alloys (Silicon 
Bronze). —Typical welding conditions for 
single-vee groove welds in copper-silicon 
alloys are given in Table 14. The chemi¬ 
cal composition of the weld metal is simi- 


Table 12—Typical Conditions for Submerged Arc Welding Butt Joints in Copper 


Thickness, T> r pe of 

In. Joint 

Current, 

Amp. 

Voltage, Speed, 

Volts In./Min. 

Welding 

Rod 

Diam., In 

Preheat 

Temp., 

°F. 

Weld 

Backing 



Single Pass Butt Joints 



H 6 Sq. butt 

550 

35 30 

He 

600 

Carbon plate 

H6 Sq. butt 

600 

35-40 15 

He 

800 

Carbon plate 



Double Pass Butt Joints 



He Sq. butt a 

600-700 

35-40 25 

He 

650 

Welding composition 

Back chipb 

500 

45 25 

He 

650 

Main weld 


a Main weld. 
b Back weld. 


Copper. —Submerged arc welding has 
been used to some extent in the welding 
of oxygen-bearing copper. Joints should 
be preheated to temperatures of 600 to 
1000°F. depending on the thickness. The 
filler metal is generally of deoxidized 
copper with varying percentages of tin and 
phosphorus. 

Table 12 shows typical conditions for 
single-vee butt welds using a carbon block 
as a backing, and double-vee butt joints. 
The electrical conductivity of welds in 
electrolytic copper bus bar stock is high 
and the mechanical properties of the joint 
sufficient for the service. 

The submerged arc welding of oxygen- 
free copper can be readily accomplished 


Table 13—Mechanical Properties of Sub¬ 
merged Arc Welds In Deoxidized Copper 

(Base Metal— ASTM B152-46T, Type B) 

Tested As-Welded 

Transverse Tensile Coupon 

Ultimate strength. 32,600-33,200 psi. 

Failure.. In plate 

Free-Bend Specimen 

Elongation across weld. . . 24.2—25.4% with¬ 

out defect 

Typical Weld Metal Composition 

Sn P Cu 

Welding rod *2.7 0.1 Balance 

Weld metal 0.85 0.04 09.10 


lar to that of the base material in each 
instance through the use of welding rods 
of suitable composition. Mechanical prop¬ 
erties are given in Table 15. 

Copper-Tin Alloys. —Little work has 
been done on the submerged arc welding 
of these alloys, although some of the lower 
tin alloys have been successfully welded. 

Copper-Aluminum Alloys. —Data are 
given in Tables 14 and 15 for submerged 
arc welding copper-aluminum alloys. 

Copper-Nickel Alloys. —The 70 Cu, 30 
Ni alloy of this type has been submerged 
arc welded, particularly in the fabrication 
of marine heat exchangers. 

Copper-Beryllium Alloys. —These alloys 
have not been welded by the submerged 
arc process so far as is known. 

Dissimilar Metals. —Steel may be joined 
to copper with copper filler metal. Sili¬ 
con-bronze electrodes are used for joining 
galvanized parts and produce sound welds 
of good strength and ductility. Steel and 
cast iron may be surfaced with a single- 
or multiple-layer deposit of silicon or 
aluminum bronze. Careful welding pro¬ 
cedures will reduce the penetration into 
the base metal to a minimum and main¬ 
tain the iron content of the initial layer 

at a low level. 
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Table 14—Typical Welding Conditions for Submerged Arc Welding Butt Joints in Copper 

Silicon and Copper-Aluminum Alloys 


Thickness, 

In. 


Edge Preparation-* 

Groove Root 

Angle, Deg. Face, In. 


Current 

Amp. 


Voltage, 

Volts 


Speed, 
In./Min 


Welding Rod 
Diam., In. 


V* 

Vi. 

Vt 

Vi 


Single-Vee Groove Welds with Copper Backing 


0 

H 

450 

26 

75 

60 

y% 

510 

35 

31 

60 

y% 

700 

33 

24 

60 

H 

800 

32 

20 


Vs 

He 

y< 
v< 


Gas Welding 

General. —Because the heat obtained 
from the combustion of other fuel gases 
such as hydrogen, propane, etc., is not 
great enough, acetylene is used almost 
exclusively as a fuel gas for welding cop¬ 
per and its alloys. The other fuel gases 
are suitable for brazing and soldering. 
The high flame temperature and heat ob¬ 
tained with acetylene compensate for the 
high heat conductivity of these metals. 
On large work it may be necessary to 
employ additional torches to provide the 
requisite heat. Flux is usually necessary. 
In general, the standard joint designs for 
welding steel apply to these metals also. 
I iller metals are of the same composition 
as the base metals although matching weld 
metal and base metal color may be diffi¬ 
cult in those alloys containing low melting 
constituents which may be lost at welding 
temperatures. When these metals arc 
used in the cold-worked (hardened) state, 
the heat of welding will cause annealing in 
zones adjacent to the welds. 


Table 15—Typical Mechanical Properties of 
Silicon or Aluminum Bronze Welds 



Copper- 

Silicon 

Copper- 
Alu ininu in 

All-Weld Metal Tensile Specimens 

Yield strength, p->i 

10.060 31,000 

46,300 

l ’llivnatt* strenkjth, 

psi 

55,200 60,400 

5 

*N 

• 

X 

kloiivr;it urn in 2 in. 

Of 

55 

10 

Reduction in area. c '. 


13 

Urinell hardness 

3000 kg load 


160 

Transverse 

'1 ensile Specimens 

Ultimate strength, 



psi 

53,400 

• 4 • 

Failure 

In plate 

• • • 


Braze welding is also used extensively 
on the copper and copper base alloys em¬ 
ploying filler metal which melts below 
the melting points of the base metals. 
Such filler metal is commonly the 60% Cu. 


40% Zn alloy. Braze welding is gener¬ 
ally acceptable except in those cases where 
the difference in color is objectionable or 
in instances where the corrosion condi¬ 
tions preclude the use of the high zinc 
brass. A flux is, of course, necessary for 
braze welding. (See Chapter 5 for fur¬ 
ther information on gas welding.) 

Copper. —Oxygen-bearing copper should 
not be oxy-acetylene welded where 
strength is a factor for reasons previously 
enumerated. Since the copper oxide is 
not present in oxygen-free coppers, they 
may be used for gas-welded assemblies 
with the assurance that joint strengths 
will equal the annealed strength of the 
base metals—30,000 to 35,000 psi. Weld¬ 
ing rods must also be of the deoxidized 
variety. 

Sheets up to 3 /,„ in. may be welded 
with square groove butt joints while 
those of greater thicknesses should be 
welded with either a single- or double-vee 
butt joint. A special technique is fre¬ 
quently employed on longitudinal seams 
in relatively heavy (7* to 7*-in. thick) 
tanks. 1 he shell is set on end so that 
the joint is in the vertical position. Two 
welders, working simultaneously on op¬ 
posite sides, each weld one-half the thick¬ 
ness, vertically upward. By this method 
welding time is shortened and preheating 
i> conserved. Copper may be welded with 
a slightly oxidizing flame in which case 
the oxide formed serves to protect the 
molten metal. When flux is used, a neu¬ 
tral flame is indicated and the flux, of 
course, protects the metal. Supplementary 
heating, as with additional torches or a 
charcoal fire, is necessary when welding 
large sections or heavy thicknesses. 
Braze-welding with the conventional brass 
rods and fluxes may also be used for join¬ 
ing copper. 

Coppcr-Zinc A Hoys (Brasses ) .—The 
low brasses (sometimes called red brasses) 
are readily welded with the oxy-acetylene 
flame. Since these brasses are frequently 
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used for piping, oxy-acetylene welding is 
particularly suitable because welding may 
be performed in all positions. Welding 
rods of the same analysis are not avail¬ 
able and best practice calls for the use 
of l 1 / 2 % silicon rods as filler metal. 
This is particularly necessary when re¬ 
sistance to corrosion is a factor. Since 
these are all alloys of high copper content 
the welding technique is substantially the 
same as that given above for copper. 
Preheating and supplementary heating 
may also be necessary. Braze-welding 
with low copper-zinc welding rods is 
also used but joints so made will not ex¬ 
hibit the same corrosion resistance as 
the base metal. 

The high brasses (frequently referred 
to as yellow brasses) are readily oxy- 
acetylene welded. Again much of the 
brass piping is of these analyses and the 
ability to weld in all positions makes 
the oxy-acetylene process well suited for 
this work. Welding rods of substantially 
identical analyses are universally avail¬ 
able since the brass welding rods (fre¬ 
quently called bronze rods) of industry 
fall in this group. The welding technique 
is the same as discussed before, including 
supplementary heating. The use of flux 
on these compositions is very important, 
for all the reasons generally stated and 
also for control of the highly volatile zinc 
content. 

Lead, if present in any of these copper- 
zinc alloys in amounts greater than about 
0.5%, will cause difficulty. The lead, 
melting at a relatively low temperature, 
tends to boil out, creating unfavorable 
welding conditions; porosity may also 
result. 

Copper-Silicon Alloys (Silicon Bronze). 
—These alloys are successfully welded by 
the oxy-acetylene process using filler metal 
of the same composition and flux having 
a high boric acid content. These welds 
will exhibit large grains, excellent duc¬ 
tility and tensile strength of the order 
of 52,000 psi. Oxy-acetylene welds in 
these alloys are characterized by a viscous 
film which covers the molten metal. This 
film is helpful when welding in the ver¬ 
tical and overhead positions. It is de¬ 
sirable to maintain the weld pool as small 
as is consistent with operations in order 
to facilitate rapid solidification, thus keep¬ 
ing the grain size small and avoiding con¬ 
traction strains during the hot-short tem¬ 
perature range. A slightly oxidizing 


flame will help in maintaining a small 
weld pool and will not adversely affect 
the weld metal. Backings are not gener¬ 
ally necessary. In welding these alloys 
with welding rods of the same analysis it 
is important to assure coalescence of the 
base metal and the weld metal since it is 
possible to secure an action which re¬ 
sembles braze welding, but which results 
in joints of inferior strength. Copper- 
silicon alloys may, of course, be braze 
welded with copper-zinc welding rods 
where the presence of a dissimilar metal 
is not objectionable. 

Copper-Tin Alloys {Phosphor Bronze). 
—Oxy-acetylene welding is not commonly 
used for welding the copper-tin alloys be¬ 
cause a wide spreading heat accompanied 
with slow cooling incurs relatively great 
contraction which may result in cracking 
and porosity in this hot short material. 
However, when this process must be used 
welding rods of Grade E (1.0 to 1.5% Sn) 
or Grade C (8% Sn) should be used; the 
latter is used more for hard surfacing. A 
good flux of the type employed in braze 
welding must also be used. Normally 
a neutral flame is preferred unless there 
is an appreciable amount of lead present, 
in which case an oxidizing flame will be 
helpful in reducing unsoundness. Best re¬ 
sults are secured when a narrow heat 
zone is maintained since this promotes 
quick solidification and enhances sound¬ 
ness. 

The phosphor bronzes may, of course, 
be braze welded with the conventional 
copper-zinc rods and fluxes, thereby avoid¬ 
ing many of the difficulties encountered 
when using copper-tin rods. Preheating 
is desirable when braze welding and es¬ 
sential when welding with the copper-tin 
rods. 

Copper-Aluminum Alloys (Aluminum 
Bronze ).—The aluminum bronzes are 
rarely oxy-acetylene welded because of 
the difficulty in handling the aluminum 
oxide with the conventional fluxes de¬ 
signed for the brasses. Some success 
has been reported in using a braze-welding 
flux to which has been added a small 
amount of aluminum welding flux for 
the obvious purpose of handling the alu¬ 
minum oxide. Welding rods should be 
of the same analysis as the base metal. 
Braze welding is subject to the same 

difficulties. . 

Copper-Nickel Alloys .—From the weld¬ 
ing standpoint these alloys are similar to 
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Monel metal, and oxy-acetylene welding 
may be used successfully. Flame adjust¬ 
ment should be slightly reducing, i.e., 
soft. Flux specifically designed for Monel 
and these alloys is essential to prevent 
formation of the refractory nickel oxide 
and avoid porosity. Welding rods must 
be of the same composition and include 
sufficient deoxidizer (Mn or Si) to pro¬ 
tect the metal during welding. Limited 
melting of the base metal is desirable in 
order to facilitate rapid solidification of 
the molten metal; agitation of the weld 
should be avoided. The weld once started 
should be run to the end without stopping 
and the rod should be maintained con¬ 
tinuously in the protective envelope of 
the flame. 

Nickel Silver. —Oxy-acetylene braze 
welding is the preferred method for joining 
these alloys which are white in color. 
The filler metal is a high zinc bronze 
which contains upward of 10% nickel; 
it is also white in color. The use of a 
suitable flux is of the utmost importance 
to dissolve the nickel oxide and avoid 
porosity. In this group there is also an 
extrusion alloy which is high in zinc. 
When this alloy is joined with the above 
rod a true weld results. 

Copper-Beryllium Alloys .—The weld¬ 
ing of these alloys by the oxy-acetylene 
process is very difficult because of the 
beryllium oxide which forms. No flux 
specifically designed to handle this oxide 
is available, hence metal-arc welding is 
generally preferred. 

Dissimilar Metals .—Dissimilar metals 
cannot be welded; they may, however, he 
braze welded with filler metal that melts 
below the melting points of the dissimilar 
metals. The high zinc brasses applied with 
the oxy-acetylene torch are most gener¬ 
ally used for this purpose. A suitable 
braze-welding flux is essential to success 
in this operation. The surfaces in the 
area to he braze welded must he cleaned 
as by grinding or with sandpaper or steel 
wool. When the dissimilar metals differ 
greatly in thermal conductivities, the one 
with the higher conductivity should he 
aftorded some measure of supplementary 
heating to ensure that it reaches braze 
welding temperature at about the same 
time as the other member of the joint. 
W here the normally yellow color of the 
deposit is objectionable, as on steel and 
other white metals, high zinc bronze 
welding rods containing about 10% 


nickel will provide a reasonably good color 
match. 

Resistance Welding 

General .—Most of the copper alloys 
have electrical and thermal conductivities 
greater than those of low-carbon steel, 
hence require a higher welding current, 
shorter welding time and a lower electrode 
force than normally used for the same 
thickness of low-carbon steel. The allovs 
with the lowest conductivities are the 
easiest welded. 

To be welded satisfactorily, copper and 
its alloys must he carefully cleaned to re¬ 
move all oil, grease, oxide and scale, as 
some of these oxides are quite refractory 
and consistent results cannot be obtained 
unless they are removed. 

Use of the proper type of electrode ma¬ 
terial is also of importance. Generally 
speaking, the high conductivity materials 
require the use of low conductivity elec¬ 
trodes and vice versa. 

Welding machines whether for spot, 
projection, scam or butt welding must 
have plenty of electrical capacity to make 
welds in a minimum length of time as 
most of these materials are good heat 
conductors and long welding times tend 
to heat too large an area with resultant 
excessive oxidation and distortion. With 
extremely low energy input, it might 
he possible to conduct heat away so rapidly 
that a weld could not be made at all. 
'('he moving member of these machines 
should he as light as possible to reduce 
inertia, also as free from friction as pos¬ 
sible to insure rapid follow-up of pressure 
application as soon as welding tempera¬ 
ture is reached as these materials have 
little or no plastic range and the machine 
must follow up rapidly to apply pressure 
at the proper time and prevent expulsion 
of molten metal with its attendant cavi¬ 
tation and weak welds (see Chapters 
15, 16 and 17). 

All machines should be equipped with 
synchronous electronic controls as the cop¬ 
per and copper alloys are particularly 
sensitive to variations in welding procedure 
and this type of control is capable of re¬ 
peated power applications to the machine 
with the accuracy of the frequency of the 
circuit. Synchronous controls also elimi¬ 
nate transient currents sometimes encoun¬ 
tered in random switching of power to the 
welding machine. The current in these 
transients may be several times the nor- 
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mal current value and as the heating 
effect varies as the square of the current, 
a transient may burn a hole through the 
work and destroy the electrodes. 

Copper. —Pure copper is the least suit¬ 
able of metals for resistance welding. 
Spot, projection or seam welding of the 
various types of copper is very difficult. 
However, some of the thinner gages are 
sometimes weldable by the use of elec¬ 
trodes faced with a high resistance 
material like tungsten or molybdenum. 
A trace of tin, as in pretinned wire or 
sheet, is helpful in welding copper. 
Tinned wire of relatively small size may 
sometimes be spot or projection welded 
to other members. Copper may be quite 
easily butt welded; it does, however, re¬ 
quire high energy input and short 
time with a somewhat special procedure. 
Generally, the leaded copper alloys do 
not weld as well as those in which no 
lead is present. 

Copper-Zinc Alloys (Brasses). —Low 
brass is difficult to weld in comparison 
with many of the other copper alloys. 
It requires a low electrode pressure and 
fairly high energy input. There is some 
difficulty with electrodes sticking, and 
strengths are comparatively low. The 
comparatively high electrical conductivity 
of these alloys is considered to be the 
principal cause of the poor results ob¬ 
tained. The same difficulties noted with 
respect to low brass are encountered, and 
to a greater degree, with red brass due 
to its higher electrical conductivity. 
Through this range of plain brasses it 
is noticeable that spot welding dif¬ 
ficulties increase as the copper content 
increases. 

Common high brass may be welded 
under a considerable range of welding 
conditions. The required energy input is, 
however, on the high side. There is 
very little electrode sticking except with 
long welding time and high energy input. 
Forces over 400 lb. should be used to 
minimize danger of arcing or blowing 
through. Cartridge brass is similar to 
common high brass but it is, in general, 
more difficult to weld. The greatest 
difficulty is the tendency for the weld to 
blow through (explode) at longer weld¬ 
ing times and with higher energy input 
and low welding pressures. Electrode 
pick-up becomes objectionable under these 
conditions. Muntz metal is relatively 
easy to weld in the thin gages and can 


be welded over a considerable range of 
conditions. There is little tendency for 
the electrodes to stick to the work. Due 
to the high zinc content, forces less than 
400 lb. should be avoided. 

An improvement in welding quality 
results from the addition of manganese 
to red brass. A wider range of welding 
conditions is permissible, although con¬ 
siderable difficulty is encountered with 
electrode sticking, particularly after a 
coating forms on the electrode face. 
The pickup is more severe where time, 
pressure and heat are increased. Strength 
values, however, are high. 

Copper-Silicon Alloys (Silicon Bronze). 
—This appears to be the best of the copper 
base alloys for resistance welding. It 
can be welded over a wide range of condi¬ 
tions, with much lower energy input, and 
there is but slight tendency for electrodes 
to stick. Short timing (2 to 4 cycles per 
spot) should be avoided, as it may cause 
shrinkage voids to occur. 

Copper-Tin Alloys (Phosphor Bronze). 
—This material is similar to silicon bronze 
and is about equal to silicon brass 
for ease of spot welding. The range 
of permissible conditions is wide and the 
required energy input is low, due to its 
low electrical conductivity. This alloy 
is inherently hot short. The welds have 
good strength with low ductility. Since 
this alloy is somewhat hot short, cracks 
may be expected to result from a slight 
movement of the metal when the metal 
near the actual weld zone is heated to 
within the brittle range. 

Copper-Aluminum Alloys (Aluminum 
Bronze, Work-Hardening Type). —The 
range of welding conditions is only fair, 
and strength values moderately high. 
Considerable trouble is experienced with 
electrode sticking and pickup after some 
use. This trouble can be reduced by 
avoiding the use of longer times, and 
higher currents and pressures. Duc¬ 
tility of the welds is lowered appreciably 
by age hardening. Recommended spot¬ 
welding conditions for the copper-base 
alloys discussed here, in the 0.036-in. 
thickness, are given in Table 16. It may 
be found advantageous to modify these 
settings to some extent in practice. W hen 
settings are changed, test runs should be 
carried far enough to observe the effect 
on electrode sticking and pickup, since 
these factors may seriously influence the 
production rate. 
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Table 16—Spot-Welding Conditions for 
Copper Alloys 0.036-in. Thick 0 


Alloy 

Time, 

Cycles 

Force, 

Lb. 

Cur¬ 

rent., 

Amp. 

Muntz metal 

4 

400 

21,000 

High brass 

4 

400 

24,000 

Cartridge brass 

4 

400 

25,000 

Low brass 

6 

400 

24,000 

Red brass 

6 

400 

25,000 

Manganese red brass 

6 

400 

22,000 

Aluminum brass 

4 

400 

24,000 

Silicon brass 

6 

510 

22,000 

Silicon bronze 

6 

400 

16,500 

Phosphor bronze 

6 

510 

19,500 

Nickel-aluminum 




bronze 

6 

400 

21,000 

Nickel-aluminum 




bronze (precipita¬ 




tion hardening) 

4 

510 

21,000 


° RWMA Class 1 electrodes, */u-in. diatn. tip, 
30-deg. approach. 


Projection Welding .—Projection weld- 
is not generally recommended for pure 
copper and for all brasses. The bronzes 
can be projection welded with satisfac¬ 
tory results for many applications. In 
the absence of recommended practices the 
welding conditions for each case must be 
determined by experiment and will usually 
involve higher currents, shorter times 
and lighter pressures than are used for 
low-carbon steel of the same thickness. 
Also it will frequently be found that the 
shape and dimensions of the projections 
are more critical than for steel. 

Seam Welding .—Seam welding of cop¬ 
per is impractical due to its high con¬ 
ductivity and low plastic range; however, 
many of the copper alloys can be seam 
welded. They require higher current, 
slower electrode speed and, in general, 
lower pressures than low-carbon steel. 
High pressures cause a demand for so 
much current that indentation is severe 
and electrode wear is excessive. How¬ 
ever, low pressures should also be avoided 
since they cause overheating of the 
electrodes, and because variations in pres¬ 
sure caused by inequalities in the sheet 
may be too large a proportion of the 
total pressure. Weld spacings of from 

12 to 18 per in. have been found satis¬ 
factory. 

Plash or Upset Welding .—Copper and 
all of its alloys may be welded by flash 
or upset welding in most cases much 
more easily than by the other resistance 
welding processes. 

Compared with low-carbon steel the 
high conductivity materials require more 
current and lower force, and the low con¬ 


ductivity materials approximately the 
same current and force. 

There is very little tabulated information 
available as to actual welding procedures 
for flash and upset welding of copper and 
its alloys. However, with the proper 
equipment available little difficulty should 
be experienced in establishing satisfac¬ 
tory welding procedures. 

Brazing 

Brazing is a very effective means of 
joining the copper and copper base alloys. 
Silver brazing alloys (see Chapter 38) 
having flow temperatures in the range 
of 1150 to 1600°F. are commonly used; 
however, alloys having higher flow tem¬ 
peratures and composed essentially of 
copper and zinc can be used for brazing 
either pure copper or the high copper 
alloys. 

In general, standard procedures for 
brazing apply to these copper and copper 
base alloys. Joint designs which depend 
on capillary attraction to flow the alloy 
in the joint are employed and can be of the 
lap, shear or butt type. Flux will be 
necessary for most of the metals in this 
group. Any suitable method for heating 
which will quickly raise the parts to 
the brazing temperature can be employed. 
(See Chapter 22 for further information 
on brazing.) 

Copper. —Oxygen-bearing copper can 
be brazed readily with no attendant loss 
of strength due to oxide embrittlement. 
Lap joints with a lap three times the 
thickness of the member will develop the 
full strength of annealed copper. All of 
the silver brazing alloys can be success¬ 
fully used with the proper flux. With the 
copper-phosphorous or the copper-phos¬ 
phorous-silver brazing alloys no flux is re¬ 
quired ; however, when flux is used a 
smoother, better appearing joint results. 
Heating oxygen-bearing copper in a 
reducing atmosphere, particularly hydro¬ 
gen, should be avoided because of a hy¬ 
drogen-oxygen reaction which takes place, 
thus embrittling the copper. 

Deoxidized or oxygen-free copper like 
the electrolytic type can be brazed and 
since no oxide is present, avoidance of a 
reducing atmosphere is not necessary. 

Copper-Zinc A Hoys ( Brasses ) .—The 
high copper brasses are readily brazed 
with silver brazing alloys or certain 
brasses. Because of their low melting 
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points, the low copper brasses can be 
brazed with silver alloys only. With 
either group of brazing alloys a flux is 
required. For the brass brazing alloys, 
borax and boric acid are the essential 
ingredients for effective fluxing at high 
temperatures. Fluxes, containing fluoride 
salts, which are active at lower tem¬ 
peratures, are used with the silver brazing 
alloys. 

These brasses are commonly used for 
piping, because their brazed connections 
exhibit unusual strength, vibration and 
corrosion-resistance and can be prepared 
readily. Occasionally when color match 
is required as, for instance, in band 
instruments, it is possible to select a 
suitable^ silver brazing composition. 

Lead is sometimes added to these brasses 
to improve their machining qualities. 
While leaded brasses can be brazed, 
greater care is required, particularly to 
insure complete coverage with flux. 
Lead oxide or dross will form and pre¬ 
vent good flow and wetting of the brazing 
alloy if there is inadequate flux protection. 
In addition, lead often alloys with the 
brazing alloy causing it to become brittle. 

Copper-Silicon Alloys (Silicon Bronze). 
—The copper-silicon alloys are brazed 
readily and, other than the precaution 
to provide sufficient flux to prevent the 
formation of the refractory silicon oxide, 
the usual procedures should be followed. 
These alloys are subject to intergranular 
penetration of the brazing alloy if the 
parts are under stress, and consequently, 
they should be stress relieved'prior to the 
brazing operation. In practice this stress 
relief is sometimes accomplished by slowly 
heating the parts during the brazing opera¬ 
tion. 

Copper-Tin Alloys (Phosphor Bronze). 
—No difficulty should be experienced in 
brazing the various phosphor bronzes. 
When the tin content is high or there 
are appreciable lead additions to these 
bronzes, adequate flux protection during 
brazing is necessary. The higher melting 
bronzes can be brazed with the usual brass 
brazing alloys while all the phosphor 
bronzes can be brazed with the silver 
brazing alloys. 

C op per-A luminum A Hoys (A luminum 
Bronze ).—It is possible to braze the 
various aluminum bronzes, although those 
having a higher aluminum content present 
greater difficulty due to the formation of 
the refractory aluminum oxide. Special 


fluxes are used with silver brazing 
alloys, designed particularly to dissolve the 
aluminum oxide. Certain of these fluxes 
are not suitable for use on other materials 
so that when aluminum bronze is brazed 
to another metal, two fluxes are necessary, 
one for use on the aluminum bronze and 
a standard brazing flux for use on the 
other metal. Some progress is being 
made in the development of a flux which 
will be suitable for use on both the alumi¬ 
num bronze and on the other metal as 
well. 

Copper-Nickel Alloys .—All of the cop¬ 
per alloys containing nickel, i.e., nickel 
silver and cupro-nickel, are readily brazed 
employing the usual procedures. The 
nickel silvers can be brazed with brass 
brazing alloys but greater care is necessary 
because of their higher melting tempera¬ 
tures. These nickel alloys, like the copper- 
silicon alloys, are subject to intergranular 
penetration of brazing alloy, unless the 
parts are stress relieved. Care is required 
during heating to insure uniformity of 
temperature because of the poor con¬ 
ductivity of these nickel alloys. Since 
there is a tendency toward overheating, 
there should be adequate use of flux to 
prevent the formation of nickel oxide. 

Copper-Beryllium Alloys .—These alloys 
can be joined with silver brazing alloys but 
extra clean metal is necessary to insure 
the absence of the very refractory beryl¬ 
lium oxide. Fluxes having a high fluoride 
content are necessary. While any of the 
silver brazing alloys can be used with 
beryllium copper, those having melting 
points above 1425 °F. are required when 
solution treatment of the beryllium-copper 
is to follow brazing. Frequently, con¬ 
nections on heat-treated beryllium-copper 
are required and, in such instances, the 
brazing should be performed rapidly with 
the lowest flow point alloys to maintain 
the best possible mechanical properties. 

In addition, subsequent aging after brazing 
of solution-treated beryllium-copper is 
possible to develop adequate hardness. 

Dissimilar Metals .—Dissimilar combina¬ 
tions of the copper alloys can be brazed 
readily. Care should be exercised when 
heating metals of different thermal con¬ 
ductivities in order to be certain that both 
joint members are evenly heated to braz¬ 
ing temperature. When making sleeve 
connections, the initial clearance of joint 
should be governed somewhat by the re¬ 
lationship of the coefficients of expansion 
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of the two parts. If the coefficient of 
expansion of the outer member is ap¬ 
preciably greater than the coefficient of 
expansion of the inner member, the initial 
clearance should be of the order of 0.000 
to 0.002 in. to insure good capillary flow 
of the molten alloy. The initial clearance 
may be as high as 0.010 to 0.012 in. if 
the reverse combination exists. 

Flow Welding 

Flow welding, frequently referred to 
as burning in is the flowing of molten 
metal of approximately the same chemical 
composition as the base metal into the 
joint, washing away and replacing the 
edges of the metal so as to effect a con¬ 
tinuous member upon solidification. 

The following description is based on 
repairs performed by flow welding on 
cast manganese bronze propeller sections 
about lVa-in. thick and at the section of 
maximum thickness where the blade joins 
the hub. 

1 he patch blade should be sufficiently 
thick to compensate for warpage. In 


sections less than 3 in., a square butt joint 
is satisfactory, but for thicker sections a 
single-vee butt joint with 30-deg. groove 
angle is preferable. It is important that, 
when in position for welding, no portion of 
the face edges shall overhang the root 
edges, and lines bisecting the groove angle 
should lie in a vertical plane throughout 
the length of the joint. 

The propeller is positioned on the 
foundry floor with the pressure face up 
so that the repair lies generally in the 
horizontal plane and the patch blade lies 
in a plane about 2 deg. below the horizon¬ 
tal to compensate for pull up. The groove 
is then surrounded with a suitable mold, 
for which ordinary green foundry mold¬ 
ing sand may be used, (see Fig. 2). The 
sand should be rammed as hard as practi¬ 
cable and should be channeled out im¬ 
mediately under the joint to provide a 
semi-circular groove having a radius about 
one-fourth the thickness of the section be¬ 
ing repaired. This groove should be well 
studded with chill nails to prevent sand¬ 
washing. The upper part of the mold 



Fig. 2.—Propeller to Be Repaired by Flow 

Operation 


Welding Set Up for Pouring 
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Fig. 3.—Diagrammatic Sketch of Pouring 

Operation 


should be built up above the propeller 
blade to a height equal to twice the thick¬ 
ness of the blade but in no case less than 
6 inches. At the point where the pouring 
basin joins the upper surface of the blade 
it should have a width equal to the thick¬ 
ness of the section being repaired, and it 
should be at least twice this width at the 
top of the mold. From the pouring basin, 
a run-off should be provided, the bottom 
of which is V 2 in. above the highest point 
of the surface of the blade. This run-off 
should be arranged to carry molten metal 
into a pig bed. A sheet-steel gate should 
be provided to close this run-off at any 
desired time thus permitting the formation 
of a riser or shrink-bead of molten metal 
extending to the top of the mold. With 
sections 3-in. thick or over, a 1-in. diam. 
run-off should also be provided leading 
from the groove under the joint. Pro¬ 
vision should be made for plugging this 
hole at any time with sand or clay. 

A quantity of molten metal, at no less 
than 1850°F., equal to about 18 to 22 times 
the volume of the mold, is usually neces¬ 
sary to carry out the welding operation. 
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Fig. 5.—-Oxy-Acetylene Welded 
Red Brass Piping 


Fig. 6.—Carbon-Arc Welded Copper-Silicon Paper Mill 

Assembly 


I lie mold should be skin-dried with a 
torch immediately prior to welding. The 
ladle should be suspended above the 
mold no higher than necessary to insure 
against interference with the other blades, 
and, as illustrated in Figs. 3 and 4. the 
stream of molten metal directed into the 
groove at the end opposite the run-off. 

1 he stream is directed onto one spot until 
softening of the base metal is detected 
with a Va-in. steel probe rod, and the 
stream is then progressed along the seam 
as softening of the base metal progresses. 

I lie stream of metal should always be 
sufficient to maintain the level higher 
than the base metal with the bottom 
run-off open if one is used. Should the 
level fall below the surface of the base 
metal at any time, the weld will not be 
sound. \\ hen the base metal has been 
softened throughout the length of the joint, 
tlu* stream of molten metal is directed 
back along the weld to wash off the 
'CrufT, first plugging the bottom run-off if 
'•ne F used. The top run-off F then closed 
and the riser tilled to capacity. Should 
insufficient molten metal be available to 
complete the weld, the run-offs should 
he closed and the riser filled. After cool¬ 
ing, the riser and unfused metal may be 
chipped away and the weld completed in 
a subsequent operation using the same 
technique. 

Normally welds in propellers are re- 
«1 nired to be stress relieved; however, 
due to the tact that hot flow welds will 
automatically be sufficiently preheated and 
dou ly cooled, stress relief after welding 
may he omitted. 


COMMON APPLICATIONS 

Copper alloys are fabricated by welding 
to form products and structures for many 
industries. These products include pres¬ 
sure vessels, industrial piping of various 
dzes including piping for domestic use, 
and process equipment such as distilling 


Fig. 7 —Carbon-Arc Welded 

Vessel 


Coppor Pressure 
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units, paper mill stock lines and chemical 
tanks and other equipment. Copper equip¬ 
ment is also used by the railroads and very 
small tubing, brazed or soldered, is used 
in many industries. A few typical appli¬ 
cations are shown in the accompanying 
figures. 



Fig. 8.—Aluminum Bronze Manhole Inlet 

Figure 5 shows a red brass piping as¬ 
sembly oxy-acetylene welded in the field 
using a copper-silicon welding rod. 

Figure 6 shows a special paper mill as¬ 
sembly of copper-silicon sheet carbon-arc 
welded using copper-silicon welding rods, 
bigure 7 shows the application of carbon- 
arc welding in the fabrication of a copper 
pressure vessel (200 psi. test pressure), 
for which a copper-silicon electrode was 
used. 

Typical applications of shielded metal- 
arc welding are shown in Figs. 8, 9 and 
10. Figure 8 shows an aluminum bronze 
manhole inlet; Fig. 9 shows a screw 
conveyor fabricated from aluminum bronze 



Fig. 9.—Aluminum Bronze Screw Conveyor 


sheet and tubing; Fig. 10 shows an 
aluminum bronze bearing welded to a 
mild steel flange. FCuAl-A electrodes 
were used for all three applications. 

The use of inert-gas metal-arc welding 
is illustrated in Fig. 11, which shows a 
silicon bronze tank welded with copper- 
dlicon welding rod. 



Fig. 10.—Aluminum Bronze Bearing Welded 

to Mild Steel Flange 



Fig 11.—Silicon Bronze Tank Fabricated by Inert-Gas Metal-Arc 

Welding 
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CHAPTER 35 


NICKEL AND HIGH-NICKEL ALLOYS* 


GENERAL PROPERTIES 

This chapter contains detailed infor¬ 
mation on the joining and properties of 
commercial forms of nickel, and those 
of its alloys containing more than 50% 
nickel. The materials discussed, with 
trade names and A STM designations used, 
where applicable, are shown in Table 1. 

A brief general description of these 


Duranickcft is an age-hardenable, high- 
nickel alloy in which high strength and 
hardness are accompanied by high resist¬ 
ance to corrosion. It is slightly mag¬ 
netic in the age-hardened condition and 
non-magnetic in the soft condition. Since 
it is used largely for corrosion-resistant 
springs, diaphragms or similar flexing 
parts, welding is employed only inciden¬ 
tally on this material. 



Table 1—ASTM Specifications for Nickel and High-Nickel Alloys 


Bar and Rod 


Sheet and Strip 


Nickel 
Nickel 
“ L" nickel 
Duranickel 
Nickel-copper alloys 
Monel 
•K” Monel 
••R” Monel 
"KR" Monel 

Nickel-chromium and other high-nickel 
alloys 
Inconel 
Inconel “X” 

Heat-resisting alloys 
Illiuin 

Hastelloy alloys 


B-160-41T 

None 

None 

B164-41T-Class A 
None 

B164-4IT Class B 
None 


B166-41T 

None 

None 

None 

None 


B1G2-41T 

None 

None 

B127-41T 

None 

None 

None 


B168-4 IT 
None 
None 
None 
None 


Seamless Tubing 


B161-41T 

None 

None 

B165-4IT 
None 
None 
None 


B167-4 IT 
None 
None 
None 
None 


materials follows. Their nominal chemi¬ 
cal compositions, physical and mechanical 
properties are given in Tables 2, 3 and 
4. respectively. 

Nickel is commercially pure, malleable 
nickel, with a nominal nickel content of 
99.4%. It has high resistance to corro¬ 
sion and is magnetic. 

“ IN* Nickel is commercially pure, low- 
carbon nickel. It is used in applications 
where maximum ductility is required, 
particularly when exposed to tempera¬ 
tures above 700°F. Its corrosion resist¬ 
ance is the same as that of nickel. 

* Prepared by a committee consisting of C) 
B. J. Fraser, The International Nickel Co. 
Chatrinon; T. J. Featheringham, Youngstown’ 
\\ elding & Engineering Co.; F. G. Flocke, The 
Thornton Co.; T. S Gaylord, Eastman Kodak 
n Spic ^ r ’ The International Nickel Co.; 

R. M. Wilson, Jr., The International Nickel Co. 


Monel is a nickel-copper alloy contain¬ 
ing approximately 67% nickel and 30% 
copper and has high strength, hardness 
and toughness and good resistance to 
corrosion. It is slightly magnetic. 

"K” Monel is a nonmagnetic, age- 
hardenable nickel-copper alloy, containing 
approximately 3% of aluminum. Its 
strength and hardness, particularly in 
large sections, are comparable with those 
of some heat-treated alloy steels, and its 
resistance to corrosion is similar to that 
of Monel. 

Monel contains approximately 
twice as much sulfur as Monel, which 
improves machinability. The additional 
sulfur does not impair the weldability or 
corrosion resistance. 

t Formerly known as “Z” Nickel. 
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Table 2—Nominal Chemical Compositions of Nickel and High-Nickal Alloys 
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“KR” Monel, like K Monel, is an age- 
hardenable alloy but with improved ma- 
chinability. 

Inconel is a rolled, high-strength, non¬ 
magnetic, nickel-chromium-iron alloy con¬ 
taining approximately 78% of nickel 
and 14% of chromium. Because of free¬ 
dom from scaling and intercrystalline 
attack, it has been used extensively for 
service at elevated temperatures. 

Inconel X is a non-magnetic, age- 
hardenable alloy containing aluminum, 
columbium and titanium as hardening 
agents. It has superior mechanical prop¬ 
erties at temperatures up to 1500° F. 
In resistance to corrosion and high-tem¬ 
perature oxidation it approximates In¬ 
conel. 

The Hastelloy alloys consist of four 
types of nickel-base alloys, designated as 
A, B, C and D. Developed primarily for 
resistance to the corrosive mineral acids, 
they also possess very good mechanical 
properties. These properties are given 
in Table 4, and compositions and physi¬ 
cal constants are given in Tables 2 and 3, 
respectively. 

Iiostelloy Alloy A is a nickel-molyb¬ 
denum-iron alloy which is as strong as 
some alloy steels and is particularly 
resistant to hydrochloric and sulfuric 
acids. It is made in the following forms : 
castings, wrought parts, rolled sheet, 
wire and welded tubing. 

Hastelloy Alloy B is a nickel-molyb¬ 
denum-iron alloy with higher molybdenum 
content than Hastelloy A. It is used 
for equipment handling boiling hydro¬ 
chloric acid, wet hydrochloric acid gas 
and sulfuric acid. It is made in the 
same forms as Hastelloy A. 

Hastelloy Alloy C is a nickel-molyb¬ 
denum-chromium-iron alloy capable of 
withstanding strong oxidizing agents. It 
is available in the same forms as alloys 
A and B. 

Hastelloy Alloy D, available in cast 
form only, is an alloy of nickel and silicon 
plus small amounts of other metallic ele¬ 
ments. It is exceptionally resistant to 
sulfuric acid in all concentrations and at 
all temperatures up to boiling. 

I Ilium is an alloy composed of nickel 
and chromium, with small amounts of 
copper, molybdenum, manganese and 
tungsten. It was developed primarily for 
resistance to sulfuric, phosphoric and 
nitric acids over a wide range of concen¬ 
tration and exposure conditions. Illium 


G is the cast form; Illium R, having the 
same general composition, is produced in 
wrought form as rolled strip, sheets, 
plates, clad steel, welded tubing and wire. 
Its nominal composition, physical con¬ 
stants and mechanical properties are given 
in Tables 2, 3 and 4. 

Nickel - chromium - iron heat - resisting 
alloys are chemically and mechanically 
stable at elevated temperatures and have 
good resistance to oxidizing, reducing and 
other high-temperaturC, corrosive atmos¬ 
pheres. These materials are produced in 
castings, sheet and wrought bars, and are 
used particularly in oil refinery stills, 
steel mill and heat-treating furnace parts, 
carburizing boxes, chemical processing 
equipment, in the glass industry and for 
other high-temperature applications. 

Heat-resisting alloys are manufactured 
under a variety of trade names by many 
companies. Some of the better known 


are: 

Amsco F5—American Manganese Div., 
American Brake Shoe Co. 

B & W’s 700 and 701—Babcock and Wil¬ 
cox Co. 

BTG Steel and Midvaloy BTG—The 
Midvale Co. 

Calite N—The Calorizing Co. 

Chromel C—Hoskins Mfg. Co. 

Empire 60-20—Empire Steel Castings, 
Inc. 

Fahrite N 5—Ohio Steel Foundry Co. 
Fernite No. 1—The Forging & Castings 

Co. . f 

Firearmor A and B—Michiana Products 

Corp. . 

Misco HN—Michigan Steel Castings Co. 
Nichrome I, II, III, IV—Driver-Harris 


Par 8—Crucible Steel Casting Co. 
Primer C—Alloy Metal Wire Co. 

Q Alloy A and B—General Alloys Co. 
Standard Alloy HR4—Standard Alloy 

Co. _ . 

Sweetalloy 21—Cooper Alloy Foundry 


Thermalloy A—Electro Alloys Co. 
Tophet C—Wilbur B. Driver Co. 
Westeeco No. 5—Western Crucible Steel 

Casting Co. 


HOW TO WELD 

ieral Considerations 

'lection of Process.— The joining proc- 
s that are used for steel are a PP llc ^- 
gh sometimes with slight modification, 

ickel “L” nickel, Monel, K Monel, 

nel and Inconel “X.” 

Monel and “KR” Monel are seldom 
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used in applications where welding is 
involved. The processes are tabulated be¬ 
low and discussed at length in succeeding 
subsections. 

Welding and Allied Processes: 

Shielded Metal-Arc Welding 

Atomic Hydrogen Welding 

Inert-Gas Metal-Arc Welding 

Submerged Arc Welding 

Carbon-A re Welding 

Stud Welding 

Oxy-Acetylene Welding 

Brazing 

Braze Welding 

Soft Soldering 

Spot Welding 

Seam Welding 

Projection Welding 

Flash Welding 

Pressure Gas Welding 

Gas and Arc Cutting 

Since each welding process produces 
satisfactory joints, when applied properly, 
the choice in each case is determined by: 

u ; J ^ ie corr o s ive environment to 
which equipment will be exposed (to 
establish whether welding, brazing or 
soft soldering is applicable). 

. ?. The thickness of material being 
joined. 

3. The required joint strength. 

. . 4 - The accessibility of individual 
joints and the contour of parts to be 
joined. 

Gas welding with fuel gases other than 
acetylene is not practicable for welding 
of nickel or high-nickel alloys because 
the temperatures attainable are too low. 
Hammer welding is not possible. 

Good properties are inherent in welded 
joints in all the high-nickel materials and 
no after-treatment, either thermal or 
chemical (passivation), is needed or rec- 

. ^ or restore corrosion 

resistance. The joints are equivalent in 
corrosion resistance and strength to the 
base metal. Thermal treatments, how¬ 
ever, may be applied for special reasons 
as for example, stress relief of a welded 
Monel structure to meet code require¬ 
ments, or an age-hardening treatment to 
increase strength and hardness in Dura- 
nickel, “K” Monel or Inconel “X.” 

Since the coefficients of expansion of 
these high-nickel materials are all about 
equal to that of steel, warping and buck- 
hng resulting from a welding operation 
NMlI be about the same as would be en¬ 
countered in a similar steel weldment. 


The mechanical properties of the various 
types of joints are to be found in the 
sections describing the use of each process 
for joining the nickel and nickel alloys. 

Cleanliness. —Electrodes, welding rods 
and fluxes for nickel and nickel alloys 
have been developed for use on clean metal, 
such as standard cold-rolled sheet, pickled 
hot-rolled plate or cold-drawn rod. The 
removal of all machining lubricants, dirt, 
grease, oil, paint, marking crayon and 
processing chemical residue (on used ma¬ 
terial) is essential before starting to weld. 
Nickel and nickel alloys are highly sus¬ 
ceptible to embrittlement by sulfur and 
lead. All of the foregoing materials are 
liable to contain either or both of those 
elements. Partial removal is unsatis¬ 
factory. To insure satisfactory welding of 
hot-rolled plate, hot-rolled bar stock or 
material that has been otherwise hot 
worked in processing or fabrication, it 
is necessary, first, to remove the thin, 
dark-colored oxide film from the immedi¬ 
ate vicinity of the area to be welded, 
either mechanically by machining, sand¬ 
blasting, grinding or rubbing with emery 
cloth, or chemically by pickling. Diffi¬ 
culty in the form of an unstable arc may 
be encountered if the oxide is not removed. 

A hot-rolled plate that has been beveled 
by machining in preparation for a butt 
joint needs no further cleaning, because 
a clean metal surface is exposed on the 
groove face. 

J °int Preparation .—The joint designs 

applicable in fabricating nickel and high- 

nickel alloys are essentially those used 

for welded fabrication in plain carbon 

steel. Suggested joint welding procedures 

tor nickel, Monel and Inconel are given in 
1 ables 5 and 6. 


where high stresses are not encountered 
but are not suitable for equipment that 
is to be used at elevated temperatures 
n e( ? u !Pment such as pressure vessels, 
butt joints are preferred over lap joints. 

Beveling is not recommended for sheets 
0.1Z:> in or less in thickness. For thicker 
material, a bevel angle of 377 2 deg. (75 
( eg groove angle) for vee grooves, and 
5 deg for U and J grooves should be 
used. In all cases, it is desirable to re¬ 
tain a root face of V.. in., or slightly more. 

lo obtain uniform and accurate fit-up 

n^"ii en " g , 1S done best by machine,' 

oxv ! y . a i Panef ' Neither conventional 
oxy-acetylene nor carbon-arc cutting is 



Table 5 — Joint Geometries for Manual Arc-Welding Data for Nickel, Monel and Inconel 
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Table 6—Joint Welding Procedures for Manual Arc Welding Nickel, Monel and Inconel 
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recommended, as the cuts made are poor 
and the adjacent area is badly oxi¬ 
dized. 

Jigging -—Proper jigging facilitates any 
welding operation, particularly by mini¬ 
mizing buckling. This is true not only 
for nonferrous alloys of high melting 
point but for steels as well. 

Backing bars in jigs for arc welding are 
designed with a rounded groove to assure 
complete penetration. Grooves should be 
extremely shallow, usually Vw to Vm in. 
max. depth, and 3 /io to : /< in. wide. A 
groove having a rounded contour is pref¬ 
erable to a square one. 

Hold-down bars should be of a size and 
material suitable for controlling distortion 
and heat dissipation. Commonly used 
materials are copper, steel and cast iron. 
Pressure is applied by cams, clamps or 
hydraulic devices. 

Finishing and Cleaning. —The slag is 
removed from arc welds with hand tools, 
or with powered wire brushes. It is 
very important that all flux or slag 
be removed from the welds if the fabri¬ 
cated part is to be stress, relieved, age 
hardened or used in high temperature 
service. Some constituents of the flux 
will attack the base material at ele*vated 
temperatures. This is particularly true 
if the elevated temperature is above the 
melting point of the flux. The recom¬ 
mended welding fluxes are not corrosive 
at room temperature. However, it is 
usual to remove them as a matter of 
cleanliness. 

The weld reinforcement may be ground 
off or left on. 

Additional information on processing of 
these materials such as grinding, pickling, 
etc., which may be necessary after weld¬ 
ing, can be found in publications of The 
International Nickel Co. 

Heat Effect of Welding. —There is no 
detrimental effect on the base metal from 
the heat of arc welding. The only pos¬ 
sible effect is annealing and a very slight 
grain growth in a narrow band at the 
edges of the weld, referred to as the heat- 
affected zone. Strength and ductility of 
the base metal are not altered noticeably. 

Shielded Metal-Arc Welding 

Practices in joint design, layout and 
welding techniques similar to those used 
in making quality welds in steel are fol¬ 
lowed in shielded metal-arc welding nickel 
and high-nickel alloys. 


Nickel and Monel can be welded in all 
positions with the same facility as steel. 
While Inconel can be welded in any posi¬ 
tion, it is best, when possible, to position 
the work for downhand or flat welding. 

In general, the lower limit of thickness 
of sheet for metal-arc welding is 0.037 in. 
for those structures that can be jigged 
and 0.062 in. for welding without backing 
or jigging. 

Electrodes. —In general, welding elec¬ 
trodes of the same nominal composition as 
the base material should be selected. If 
an age-hardenable base material like Dura- 
nickel, “K” Monel or Inconel “X” is 
welded with a non-hardenable electrode, 
the resulting weld will not respond to 
heat treatment. In any event, the weld 
will produce mechanical properties of 
annealed material because it is not pos¬ 
sible to obtain the benefits of cold work 
in the region of the weld. 

A guide to the selection of proper elec¬ 
trode size is given in Table 7. Electrodes 
should be kept in a dry place and left in 
sealed bundles until they are to be used. 
(See Chapter 38 for further information 
on electrodes.) 


Table 7—Electrode Diameter vs. Sheet Thick¬ 
ness for Shielded Metal-Arc Welding 


Electrode Sheet Thickness on Which 

Diam., In. Electrode Is Used, In. 

_ ^ 

s /#4 Up to and including 0.0G2 

s /»2 Over 0.062 to 0.093 

i/s Over 0.093 to 0.156 

Vs* 0.156 and thicker 

»/,« 0.375 and thicker, and for overlaying 

>/< Used for overlaying 


Mechanical Properties of Welds. —Ten¬ 
sile properties of arc-welded joints in 
nickel, Monel, “K” Monel, Inconel and 
Inconel “X” are listed in Table 8. All 
welds were machined flush with the plate 
before testing. The values shown in Table 
8 for the flat position are equally appli¬ 
cable to the horizontal position. 

Preheating. —In general, preheating is 
neither required nor recommended for arc 
welding wrought nickel and its alloys, 
but if the metal temperature should drop 
to 32°F. or lower, the joint area should 
be preheated to 70°F. or over for a width 
of 6 in. on each side of the joint. 

Electrode Manipulation.— ■For welding 
in the flat and horizontal position, the best 
electrode position is at an incline o a u 
20 deg. from the vertical and ahead ot 
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the puddle, as shown in Table 5, Column 
10. This position is best suited for con¬ 
trol of the molten flux and elimination of 
slag trapping. It is essential that a short 
arc be maintained. 

For overhead welding, the only changes 
necessary are a slight further shortening 
of the arc and lowering of the current by 
5 to 15 amperes. 

For welding in the vertical position the 
current must be lowered slightly from that 
used in flat and horizontal welding. For 
metal 0.062- to 0.109-in. thick, welding 
should be started at the top and progress 
vertically downward. On metal thicker 
than 0.109 in., welding can be either verti- 
ally upward or vertically downward. 
The electrode should be held approxi¬ 
mately at right angles to the plate being 
welded. 

Since nickel and high-nickel alloy weld 
metal is more viscous than steel weld 
metal, more careful manipulation is neces¬ 
sary to obtain a satisfactory weld contour. 
The width of a weave should never ex¬ 
ceed three times the core wire diameter. 
Wider beads can result in excessive pud¬ 
dling of the molten weld metal and in¬ 
crease the probability of breaking the 
protective gaseous shield around the arc, 
thereby exposing the molten metal to the 
ambient atmosphere. String beads can 
be used for work in close quarters where 
the design or location of the joint pre¬ 
vents weaving. 

Arc blow is seldom encountered and 
there is little or no spatter with high- 
nickel electrodes, unless excessive current, 
a long arc or the wrong polarity (with 
d.c. electrodes) is used. (See Chapter 
10 for further information on shielded 
metal-arc welding.) 

Atomic Hydrogen Welding 

Atomic hydrogen welding has been used 
extensively in the automatic production 
of welded nickel and high-nickel alloy 
tubing of up to 0.078-in. wall thickness. 
Uniform penetration is obtained, with 
sufficiently flat inner and outer weld faces 
to permit redrawing of the tubing to 
smaller diameters; no filler metal is added. 
Manual atomic hydrogen welding may be 
preferable where absence of porosity is 
important and where elimination of post¬ 
cleaning offers advantages over shielded 
metal arc and oxy-acetylene welding. 
(See Chapter 11 for further information 
on atomic hydrogen welding.) 


Inert-Gas Metal-Arc Welding 

Inert-gas metal-arc welding is well 
suited to the welding of Inconel using 
d.c. straight polarity and either helium 
or argon as the shielding gas. Extensive 
use is made of this process in the auto¬ 
matic welding of tubing used as sheathing 
for electrical resistance heating elements, 
and in the manual welding of equipment 
fabricated of thin gage (0.025 to 0.062 
in.) Inconel. 

Nickel and Monel can be welded by 
this process using helium of 99.5-f-% 
purity. The resulting weld may contain 
microscopic porosity which will not affect 
the leak tightness, mechanical properties 
or corrosion resistance of the weld. If 
less pure helium is used, major porosity 
will result. Argon may be employed 
for welding nickel and Monel if the weld¬ 
ing is done with automatic equipment and 
close control of arc length is maintained. 
Where the arc length varies, as with 
manual welding, major porosity may re¬ 
sult. The surface condition in each case 
will be good and radiographing or sec¬ 
tioning must be employed to determine 
the extent of porosity. Special welding 
rods are available for use with this proc¬ 
ess. (See Chapter 12 for further infor¬ 
mation on inert-gas metal-arc welding.) 

Submerged Arc Welding 

Nickel and Monel have been welded 
successfully by submerged arc welding 
using essentially the same procedures as 
are used with similar thicknesses of steel. 
Tests of joints in both nickel and Monel 
have shown that satisfactory tensile 
strength, ductility and impact properties 
are obtained in the welded joints. Tests of 
the fatigue strength of welds in both 
nickel and Monel plates have given high 
values comparable to the fatigue strength 
of the base metals. 

The average mechanical properties of 
test welds made in Vs-in. plates in a 
single pass at a speed of 18 in. per min. 
for Monel, and at a slightly lower speed 
for nickel, are given in Table 9. 

It is essential that clean flux, be used. 
Flux previously used on stainless or 
mild steel cannot be used for nickel, Mo¬ 
nel or Inconel; if it is used, then unsound 
welds with low mechanical properties 
can be expected. (See Chapter 13 for 
further information on submerged arc 

welding.) 
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Carbon-Arc Welding 

Carbon-arc welding can be used on 
nickel and the high-nickel alloys with ex¬ 
cellent results; however, the use of this 
process has practically ceased since the 
development of improved shielded metal- 
arc welding electrodes and the atomic- 
hydrogen and the inert-gas metal-arc 
welding processes. (See Chapter 9 for 
further information on carbon-arc weld¬ 
ing.) 

Stud Welding 

Stud welding is applicable to the joining 
of nickel, Monel and Inconel studs to 
structures of the same material. These 
studs can also be joined to many dis¬ 
similar metals and alloys. (See Chapter 
14 for further information on stud weld¬ 
ing.) 


Welding Rods .—The available welding 
rods are of the same nominal composi¬ 
tion as the alloy being welded. This is 
necessary to insure uniform corrosion 
resistance without galvanic effects. Rec¬ 
ommended rod sizes for welding various 
sheet thicknesses are shown in Table 11 
(refer also to Chapter 38). 

Flame .—A slightly reducing flame is 
recommended. Many oxygen and acety¬ 
lene regulators allow a slight pressure 
fluctuation; the amount of excess acety¬ 
lene in the welding flame should be 
only enough to counteract this fluctuation 
and prevent the flame from becoming oxi¬ 
dizing in nature. 

Fluxes .—Fluxes are required for Monel 
and Inconel but not for nickel. Borax 
is not recommended as a flux, because it 
embrittles the welds. The flux protects 
the metal from oxidation, dissolves oxides 


Table 9— Mechanical Properties of Submerged-Arc Welds in‘/j-In. Plate 


Material 


Yield 
Strength 
( 0 . 20 %) 
Offset, Psi. 


Nickel® 

All-weld metal specimens 
Reduced section transverse weld speci 
mens 
Monel b 

All-weld metal specimens 
Reduced section transverse weld speci 
mens 


16,800 

28,000 

26,600 

36,000 


Tensile 

Strength, 

Psi. 

Elonga¬ 
tion in 

2 In., % 

Reduc¬ 
tion of 
Area, % 

Charpy 
Impact 
Strength . 
Ft.-Lb. 

55,200 

33.0 

44.0 

56 

55,600 

21.0 

• • 

• • 

62,400 

70,300 

46.0 

45.0 

59.0 

42 


bend* 45*?? StTCnKlh ,0 (M>() ' 0U(> reversa,s at 6000 r P m Krouse test). 20,500 psi. Elongation in free 
frelbend! , 50% Cng,h < l0(,00 '° 00 at «<*0 'pm. in Krouse test). 34,000 psi. Elongation in 


Oxy-acetylene Welding 

Oxy-acetylene welding is being used 
in the fabrication of all types of equipment 
in the many fields in which the high- 
nickel materials are used. Good welds 
are produced in all positions. 

Mechanical Properties of Welds.— Ten- 
sile strengths of oxy-acetylene-welded 
joints in nickel, Monel and Inconel are 
listed in Table 10. 

Oxy-acetylene welding of Duranickcl 

and “K” Monel is practicable, hut is not 

recommended for Inconel “X” because of 

the refractory oxides formed during weld¬ 
ing. 

“K” Monel welds will respond to heat 
treatment in the same manner as cast 
“K” Monel. Ranges of hardness of 20 
to 30 Rockwell C can be obtained by heat 
treatment after welding. 


and improves the fluidity of the molten 
metal. It is used preferably as a thin 
paste, mixing the dry flux in water for 
Monel, and with a thin shellac-alcohol 
solution (in the ratio of 1 to 5) for In¬ 
conel. The flux is applied with a small 
brush or acid swab, on both sides of the 
seam, top and bottom, and also on the 
welding rod. 

For welding “K” Monel, a flux com¬ 
posed of two parts of boron-free flux 
(Inconel type) to one part lithium fluoride 
should be prepared and used as described 
above for Monel. 

Joint Design .—Corner and lap joints 
may be used where high stresses are not 
to be encountered. In equipment such as 
pressure vessels, butt joints are preferred 
over lap joints. 

For butt joints in material of 0.050 to 
0.125-in. thick, beveling is not required. 
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In thicker metal, a bevel angle of 37 1 /« 
deg. (70-deg. groove angle) should be 
used. 

For sheet 0.043 in. and thinner, both 
butt and corner joints are used. Corner 
joints can be welded in thicknesses of 
0.037 in. and heavier. 

Welding Technique .—Usually the same 
size tips or one size larger than those rec¬ 
ommended by the torch manufacturers 
for similar thicknesses of steel may be 
used (see Chapter 5). The tip should be 
large enough to permit the use of a soft 
flame; a high-velocity or harsh flame is 
highly undesirable. 


Table 10—Tensile Strength of Oxy-Acetylene 

Welded Joints 


Tensile Strength, 

Material 

Min., Psi. 

Nickel 

60,000 

Monol 

65,000 

Inconel 

75,000 


During welding, the end of the welding 
rod always should be kept well within 
the protecting flame envelope; this pre¬ 
vents oxidation of the heated rod. The 
tip of the luminous cone of the flame should 
contact the surface of the pool of molten 
metal in order to obtain a concentrated 
heat and to prevent oxidation. Monel 
and Inconel flow freely from the welding 
rod into the joint; nickel is a little slug¬ 
gish. Welds in nickel, Monel or Inconel, 
either unfinished or ground and polished, 
are free from porosity. 

Preheat .—No preheating is needed for 
oxy-acetylene welding wrought nickel, 
Monel or Inconel. 

Heat Effect of Welding .—As with arc 
welding, there is no detrimental effect on 
the base metal from the heat of oxy-acety- 
lene welding. 

Cleaning and Finishing. —Oxy-acetylene 
welds usually need no finishing except 
removal of the flux on Monel and Inconel. 
Removal of flux from units intended for 
high temperature service is particularly 
important, since the flux will attack the 
base metal if the temperature of operation 
is near or above the melting point of the 
flux. 

Brazing 

Nickel and high-nickel alloys may be 
brazed with the same facility as other 


common materials. (Refer to Chapter 
22 for fundamentals of the various brazing 
processes.) 

Before selecting a brazing alloy it is 
well to ascertain whether the service re¬ 
quirements of the joint (strength or corro¬ 
sion resistance) can be obtained using 
a given brazing alloy. Brazing alloys 
containing phosphorus should never be 
used on nickel and nickel alloys. Silver 
brazing alloys are by far the most fre¬ 
quently used, and the lower melting point 
alloys are preferred. Copper may be used 
as a brazing alloy on nickel and nickel 
alloys. 

Fluxes satisfactory for other base ma¬ 
terials will be satisfactory for nickel, 
Monel and Inconel. Special fluxes may 
be employed for the aluminum-containing 
materials such as Duranickel, “K” Monel 
and Inconel “X.” If a suitably dry, re¬ 
ducing, sulfur-free atmosphere is avail¬ 
able, no flux need be used for furnace 
brazing with silver or copper brazing 
alloys. Chromium-containing alloys such 
as Inconel are frequently copper plated 
before assembly, when they are to be 
brazed with copper. This prevents the 
formation of chromium oxides which will 
not reduce in the reducing atmosphere of 
the furnace. 


Table 11—Gas-Welding Rod 

Sheet Thicknesses 

Diameter vs. 

Sheet Thickness, 

Piam. of Rod, 

Ft. of Welded 
Seam per Lb. 
of Welding 

In. 

In. 

Rod 

0.031-0.062 

V » 

85 

0.078-0.100 

v 32 

42 

0.125-0.140 

' / 8 

21 

0.156-0.187 

S /3t 

12 

0.187 and up 

Vie 

• • 


The high-nickel alloys, particularly 
Monel, are subject to stress cracking in 
the presence of molten low-melting-point 
brazing alloys such as those containing 
cadmium, zinc and silver. Severely cold- 
worked parts should be annealed before 
brazing, and the parts should not be sub¬ 
jected to stress during the brazing opera¬ 
tion. . . .. 

Brazing with the low-melting-point sil¬ 
ver alloys is carried out below the annea - 
ing temperature, and only slight softening 
is encountered in the base metal. Dura- 
nickel and “K” Monel can be age hardened 
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either before or after brazing with a 
low-melting-point, silver-containing, braz¬ 
ing alloy. 

Brazing materials, particularly copper, 
diffuse more readily into nickel and nickel 
alloys than they do into steel. There¬ 
fore, a larger reservoir of brazing material 
is needed for nickel and nickel alloys than 
for steel and it will not flow as far in a 
given joint opening. Excess copper may 
flow during brazing and will perforate 
thin sections as a result of erosion and 
diffusion. Sufficient, but not too much, 
brazing material should be used. 

Braze Welding 

1 he usefulness of bronze welding rods 
lor braze welding nickel, Monel and In¬ 
conel is very limited because the corrosion 
resistance of bronze joints frequently is 
not of the same order as that of the metals 
being joined. In general, bronze welding 
rods are useful only for fastenings where 
corrosive media will not come in contact 
with the joint. 

Braze welding is used in joining nickel- 
clad steel or Monel to copper varnish 
kettles. 

Soft Soldering 

Soft soldering as a means for joining 
nickel and the high-nickel materials is 
limited to those applications where the 
solder is not corroded readily. Soft sol¬ 
der is inherently weak, and dependence 
for strength must be placed on mechanical 
joints, such as riveted, lock-seamed or 
spot-welded joints, with the soft solder 
acting only as a scaling medium. The 
process is limited usually to joints in 
sheet metal not more than 0.062-in. thick 
because other processes yield stronger 
joints in these and heavier gages. 

Heat treatment of Duranickel and “K” 
Monel should be done before soldering. 
Tin-lead solders of the 50-50 and the 
60-40 compositions are used most widely. 
The 60-^10 rather than the 63-37 (eu¬ 
tectic) composition is usually preferred. 
Bure tin is used only where corrosion con¬ 
ditions demand its application. 

Preparation of the joints and the pro¬ 
cedure to be followed when soldering 
nickel, Monel and Inconel are the same 
as discussed in Chapter 23. The major 
exception is that only those soft-soldering 
fluxes known in the trade as acid fluxes are 
recommended. Rosin is not suitable since 
Us cleaning action is too mild. The 


proprietary or cut acid fluxes commonly 
used for copper are adequate for the soft 
soldering of nickel and Monel, but a 
somewhat stronger proprietary flux is 
required with Inconel because of its 
chromium oxide film. 

All traces of flux should be removed 
after the soldering operation has been 
completed. 

When the heat for soldering is to be 
supplied by a soldering iron, it is neces¬ 
sary to use either a hotter or larger iron 
than that regularly used for similar work 
with copper or steel. 

Spot Welding 

The fundamental principles of spot weld¬ 
ing and the Recommended Practices for 
Spot Welding Nickel, Monel and Inconel 
are discussed in Chapter 16. 

Nickel and the high-nickel alloys are 
easily spot welded to themselves or to 
other materials with the proper procedure. 
The electrical resistivity varies from a 
low for that of nickel to a high for that 
of Inconel “X” (see Table 3). The 
higher resistance materials are more easily 
spot welded. 

The following factors are somewhat dif¬ 
ferent for spot welding nickel alloys than 
for spot welding other materials. 

C leanliness. —Since the nickel alloys are 
susceptible to sulfur embrittlement at 
elevated temperatures, all sulfur-contain- 
mg materials such as grease, oil, drawing 
compounds and marking paints should be 
removed from the surface before welding. 
The presence of surface oxides is as 
injurious with nickel alloys as it is with 
many other metals. 

Electrodes.— RWMA Class 2 elec¬ 
trodes are recommended generally. On 
very thin material, there will be less stick¬ 
ing with Class 1 or hard-rolled copper 
electrodes. Flat-faced electrodes with a 
bevel of 20 cleg, from the face are recom¬ 
mended for Monel and Inconel, while a 
10-deg. bevel minimizes sticking with 
nickel. Domed electrodes require more 
pressure and longer firing times to pre¬ 
vent cracking. 

_ P ^ S ^ C ’—^ n 11 P res sures of the order 
of 20,000 to 40,000 psi. are required to 
permit adequate forging in these alloys. 

Inspection. Sectioning and etching the 
weld are recommended over peel testing 
(prying two welded sheets apart and peel¬ 
ing one sheet back over the other). The 
peel test will not distinguish between a 
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weld in these alloys with adequate pene¬ 
tration, and one that is just barely fused. 

Seam Welding 

Specific seam welding data are not 
available yet for nickel and the high- 
nickel alloys. Nevertheless the informa¬ 
tion in Chapter 16 on Recommended 
Practice for Seam IV elding Stainless 
Steel may be used as a guide. 

Projection Welding 

Specific data for projection welding 
nickel and high-nickel alloys are not 
available. Generally higher forging pres¬ 
sures and longer firing times are required, 
than for steels. 


Table 12— Recommended Conditions for 
Cross-Wire Welding of Nickel, Monel and 

Inconel 


Electrode 

Wire Diam., Pressure, Firing Time, Current, 
In. Lb. Cycles Amp. 


Nickel 


V16- 1 /16 

90 

2 

2000 


180 

3 

4500 

Vie- 3 /i8 

360 

6 

7000 

*/ 16 1 / 8 

90 

2 

2200 

V16- 3 / 1C 

90 

2 

2400 

'A -Vi 6 

180 

G 

5000 


Monel 




100 

2 

1630 

‘/•-Va 

200 

3 

3700 

V16 7 16 

400 

0 

5700 

'/m-'A 

100 

•> 

** 

1790 

'/ 16“ V1* 

100 

O 

1950 

*A -Vie 

200 

3 

4050 


Inconel 




125 

2 

1050 

'/8 -'A 

250 

3 

2300 

V 16 -VIC 

500 

6 

3600 

'/ 16-'/8 

125 

2 

1100 

'/16- 3 /10 

125 

2 

1200 

'A — V16 

250 

3 

2500 


Cross-wire welds in nickel, Monel and 
Inconel are a special type of projection 
welding. Table 12 gives the recom¬ 
mended procedures. 

Flash Welding 

Nickel and the high-nickel alloys can 
be flash welded to themselves or to many 
other metals. Table 13 gives recom¬ 
mended schedules for 1 /*- and 3 / 8 -in. diam. 
bars in nickel, Monel, “K” Monel and 
Inconel. 

Since the alloys have higher strength 
than steel at elevated temperatures, more 


pressure is required to forge and extrude 
all cast material from the joint. The 
time of current flow during upset is rather 
critical; if too long, there is a chance of 
overheating and burning the material; if 
too short, the plasticity of the material 
is not great enough to allow extrusion of 
cast material during forging. 

Pressure Gas Welding 

Pressure gas welding can be used for 
joining rod, bar or pipe forms in nickel 
and high-nickel alloys. (Pertinent details 
concerning this process will be found in 
Chapter 7.) 

Machine settings and mechanical prop¬ 
erties of 0.505-in. tensile specimens of 
welds are shown in Table 14. 

Gas and Arc Cutting 

Nickel and the high-nickel alloys can¬ 
not be cut by the conventional oxygen 
cutting process. They can be cut by either 
of two processes that have been developed 
for cutting materials other than steel. 
These are the powder and oxy-arc cutting 
processes. (Complete descriptions of 
these processes will be found in Chapters 
24 and 25.) 

The data contained in Table 15 have 
been assembled from various sources and 
may be used as a guide in determining 
operating conditions for powder cutting. 
All the data were obtained from cuts made 
on pantograph machines. The extent to 
which the speeds will be reduced in man¬ 
ual cutting will depend upon the shape 
of the piece being cut and the skill of the 
operator. 

Cutting by the oxy-arc process is 
limited to manual use; therefore, it is 
not possible to tabulate data on speeds. 
It is relatively easy to acquire the neces¬ 
sary skill to produce satisfactory cuts in 
nickel, Monel and Inconel, hor instance, 
cutting speeds of approximately 6 in. per 
min. can be attained in V<-in. plate of 
all three materials using 150 to 160 amp., 
and approximately 5 psi. oxygen pressure. 
The speed of cutting is greatly influenced 
by the skill of the operator. As the 
operator becomes acquainted with the 
process, he learns to manipulate the elec¬ 
trode in such a manner as to increase the 
speed of cutting. The practical limit of 
thickness of nickel, Monel and Incone 
which can be cut using 7 10 -in. . diam. 
electrodes now available is 2 to 3 in., a - 
though thicker material may be pierced 
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Table 13—Recommended Schedules for Flash Welding Nickel and Nickel Alloy Rods 


Material 

Rod 

Diam., 

In. 

End 

Prepara¬ 

tion 

Flash¬ 

ing 

Dis¬ 

tance, 

In. 

Flash¬ 

ing 

Time, 

Sec. 

Current 

Duration 

During 

Upset 

Cycles 

Upset 

Dis¬ 

tance, 

In. 

Energy 

Input, 

Watt 

Hr./Weld 

- ^ 

Weld 

Strength, 

Psi. 

Rod 

Strength, 

Psi. 

Nickel 

Nickel 

Monel 

Monel 

“K” 

Monel 

“K” 

Monel 

Inconel 

Inconel 

Vi 

V$ 

Vi 

V. 

Vi 

Vs 

Vi 

Vi 

Pointed 

Pointed 

Pointed 

Pointed 

Pointed 

Pointed 

Pointed 

Pointed 

0.442 

0.442 

0.442 

0.442 

0.442 

0.442 

0.442 

0.442 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

IV* 

2 V* 

IV* 

2 V* 

IV* 

2V* 

v/t 

2 V* 

0.125 

0.145 

0.125 

0.145 

0.125 

0.145 

0.125 

0.145 

2.15 

4.87 

1.93 

5.55 

2.02 

4.79 

2.15 

5.19 

58.000 

65,600 

68.500 

80,300 

93,900 

98,800 

101,200 

102,000 

65,100 

66.500 

70.500 
84,700 

100,000 

99,000 

109,800 

106.000 




Table 14—Pressure Gas Welding 1 

-In. Diam. Bars 







Nickel 

Monel 

“K” 

Monel 

Inconel 


^i/pivAuuaic Limr, nun. ana sec 
Oxygen ) Flow rate, cu. ft./hr. 
Acetylene J 

Upsetting pressure, psi. 
Shortening, in. 

Heating stroke, in. 

Tensile strength, 0 psi. 

Yield strength 0 (0.2% offset), psi 
Ivlongation in 2 in.,° % 

Type failure 


1-30 

41.5 

4500 

0.5 

0.5 

04,500 

10,175 

39.5 

Cup and cone 


1-5 

72.0 

6000 

0.5 

0.5 

72,250 

20.000 

35.0 

Cup and cone 


2-15 

38.5 

8100 

0.5 

0.5 

128,1006 
87,375 b 

11.5 b 
In weld 


° J'roin 0.50.* all-weld-metal specimen 
b Age hardened. 


1-15 

54.0 

10,800 

0.5 

0.5 

96,200 

30,150 

34.3 

Cup and cone 


Table 15—Powder Cutting Guide 


Material 

Thickness, 

In. 

Speed, 
In./Min. 

Powder 

Consumption, 

Oz./Min. 

Oxygen 

Pressure. 

Psi. 

Nozzle 
Diam., In. 

Nickel 

V* 

1*/16 
l‘/l. 

11.0 

4.6 

4.0 

4.5 

9.0 

9.0 

40 

65 

65 

0.000 

0. 100 
0.100 

Monel 

5 

Vi 

V * 

1 

1 

• • 

11.0 

5.5 

4.6 
4.4 

• • • • 

4.5 

5.0-0.0 

0.0 

6.0 

75 

40 

30 

05 

05 

0.200 

0.000 

0.060 
0.100 

0.100 

Inconel 

5 

Vi 

Vi 

3.0 

26.0 

7.0 

12.0 

4.0-5.0 

9.0 

75 

40 

65 

0.200 

0.000 

0.080 


Comments 


Good cut 

Very rough cut 

Moderate rough cut, 500° F. 

preheat 
Would not cut 
Good cut 
Good cut 
Rough cut 

Moderate rough cut, 500° F. 
preheat 

Fairly smooth cut, 700° F. 

preheat 
Good cut 
Fairly smooth 


Tab., Ifr-nilar M.tal for Shiald.d M.t.l-Arc Welding of Du„i mi ,. r Matals 


KY 1.1 l 

Nickel 

“L" Nickel 

Monel 

“K” Monel 

Inconel 

Nickel 
"L" Nickel 

Monel 
"K" Monel 

Inconel 

Carbon Steel 
Galvanized Steel 
Stainless Steels 

Noth: Recommend 

1 

1 

0, 1 

0. 4, 1 
1.2,3 

1. 0, 2 

1. o 

2. 1. S 

at ions n r#- in 

1 

1 

0. 1 

0. 4. 1 

1. 2, 3 

1. 0, 2 

1. o 

2. 1, S 

t liit Fkr.l .. C r 

0. 1 

0. 1 

0 

o, 4 

1. 0. 2 

2. 5. 1 

1 

0. 1 

0. 1, 4 

0, 1,4 

0. 4 

4 

1. 0, 4 

2, 5, 1 

1 

0, 1 

1, 2, 3 

1. 2, 3 

1. 0. 2 

1. 0. 4 

2. 3 

3. 2 

1 

2. 3. S 


Wl/|> . 

0—Monel electrodes. 

1 Nickel electrodes. 

2—Inconel electrodes. 

4 "kr" ( \.| lick | , ^ hr0nii um electrodes. 
’ K Monel electrodes. 

5 Special Monel electrode 


S Stainless steel electrodes. (Normally of same 

me type as plate material also stabilized.) 
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by this process. Simple gouging or form¬ 
ing operations may also be performed. 

Burned material and iron oxide adher¬ 
ing to the cut edges must be removed by 
grinding or machining prior to further 
fabrication. The heat-affected area is 
very shallow. If all discolored material 
is removed, the corrosion resistance of the 
base material will be unimpaired by 
either of the above processes. 

Nickel, Monel and Inconel cannot be 
cut satisfactorily by the flux-cutting proc¬ 
ess developed for cutting stainless steels. 

Joining Dissimilar Metals 

Welding and soft soldering can be used 
for joining dissimilar metals. The proc¬ 
ess selected depends on the conditions to 
be encountered in service. If a material 
can be soft soldered or brazed readily, 
then, other things being equal, it can be 
joined to nickel, Monel or Inconel. 

The most frequently used arc-welded 
combinations are nickel-to-steel and 
Monel-to-steel in clad steel fabrication 
(see Chapter 37A). For both, nickel 
or special Monel electrodes should be 
used. In arc welding dissimilar metals, 
it is essential that penetration be kept to 
a minimum. Therefore, excessive welding 
currents and puddling must be avoided. 

Combinations that have been metal-arc 
welded successfully are listed in Table 16 
which also shows the proper filler metal 
to use. 

Thermal Treatment 

Since the corrosion resistance of nickel, 
Monel and Inconel is inherent, heat treat¬ 
ment after welding is not necessary for 
the restoration of corrosion-resisting 
properties. The heating of welded ves¬ 
sels of nickel, Monel and Inconel for 
relief of stresses set up because of the 
welding operation may be called for in 
special instances, but in general it is not 
recommended. This is because these 
materials are highly ductile in both plate 
and weld metal and, in the range of plate 
thicknesses normally encountered in ves¬ 
sel construction under 3 /« in., do not re¬ 
quire a heat treatment for the reduction 
of welding stresses. 

When a stress-relief heat treatment is 
specified to fulfill a code requirement, the 
time and temperature recommended are 
those used for steel vessels, namely 1100 
to 1200" F. for 1 hr. per in. of thickness. 


Code requirements should be followed in 
other details also, and particular care 
should be given to supporting the vessel 
in all directions so that it will not be 
distorted during heating. 

Special thermal treatment for Hastelloy 
alloys may be advisable; specific recom¬ 
mendations should be obtained in each 
instance. 

Inspection 

Radiographic Examination. — Radio¬ 
graphs of properly welded joints in nickel 
and high-nickel alloys are acceptable 
according to the standards set for steel 
by the ASME Code for Unfired Pressure 
Vessels. 

Etching Solutions for Welds .—Polished 
sections of welded joints can be etched 
readily to disclose the weld and base 
metal structures by immersion for 5 to 
10 sec. in the following etchants: for 
nickel—cold, concentrated nitric acid; for 
Monel—a cold solution of equal volumes 
of water and concentrated nitric acid; for 
Inconel—warm aqua regia (three parts 
hydrochloric acid, one part nitric acid) 
after first warming the specimen in hot 
water. If the Inconel weld does not etch 
readily, a small amount of cupric chloride 
may be added. 

Surfacing Nickel and High-Nickel 

Alloys 

A number of abrasion-resistant surfac¬ 
ing alloys can be applied readily to nickel, 
Monel, “K” Monel and Inconel with the 
aid of the oxy-acetylene welding torch. 
Colmonoy and the cobalt-chromium- 
tungsten alloys (Stellites) are materials 
that have been used for overlays.. The 
Colmonoy alloys are complex mixtures 
of very hard ehromium-boride crystals in 
a matrix of nickel. Melting points of the 
Colmonoy alloys are very close to 2000 F. 
Varying hardnesses are obtained by con¬ 
trolling the proportions of boride crystals 
and nickel; for example, a composition 
containing approximately 69% nickel 
(balance crystals), has a hardness, as de- 
posited, of 45 to 55 Rockwell C. The 

high nickel contents of the Colmonoy 
materials make them very useful for 
resistance to abrasion in corrosive en¬ 
vironments. 

The cobalt-chromium-tungsten alloys 

melt at temperatures from 2282 to 2327 r. 
They have good gas-welding properties 
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They are available in several grades to 
meet the requirements of all surfacing 
applications. 

When applying the Stellite and Col- 
monoy surfacing materials, the base metal 
temperatures should be only slightly above 
the melting point of the surfacing mate¬ 
rial to avoid boiling and formation of 
holes in the overlay. 

Both the Stellite and Colmonoy alloys 
can be applied to nickel and Monel with¬ 
out flux, but a flux, active at 1800 to 
2000°F., is required for facing “K” Monel 
and Inconel. The flame should be neutral 
to slightly reducing for the Colmonoy 
alloys and highly reducing for the Stellite 
alloys. 

Surfacing Nickel and High-Nickel 
Alloys on Cast Steel and Wrought Steel. 
—Nickel, Monel, “K” Monel and Inconel 
can be applied on cast and wrought steel 
readily by shielded metal-arc welding. 


covered. It is important that the slag be 
removed from each bead before applying 
the next one. 

Monel and “K” Monel overlays applied 
directly to the base metal may contain 
small checks or cracks. When the service 
conditions are such that crack-free over¬ 
lays must be obtained, it is recommended 
that the first layer be applied with pure 
nickel electrodes. This will provide a 
barrier layer on which the Monel and 
“K" Monel may be applied. Nickel and 
Inconel can be applied directly to clean, 
cast or wrought steels. A special Monel 
electrode is also available for overlaying 
directly on steel without cracking. (See 
Table 17). 

Sound overlays require the complete 
removal of slag from each bead before 
starting the next bead or layer. The 
beads can be applied in any direction, but 
it is suggested that they be applied in 


Table 17—Surfacing of Steel and Cast Iron 


Overlay Material 

Electrode 
»/■ In. 

Diam. (In.) 

4 /a In. 

and Current (Amp.) 

Vie In. */ 4 In. 

Brincll Hardness 

Nickel 

100-125 

125-170 

100-200 


155-190 

Monel 

80-90 

125-150 

100-190 

170-250 

150-100 

" K" Monel 

80-90 

125-150 

100-190 


150-100 (as-welded) 

200 -280 (heat treated) 

Inconel 

90-100 

125-150 

100-190 


130 


Certain precautions must be observed to 
obtain sound, crack-free deposits. The 
surface to be overlaid must be cleaned to 
remove all oil, grease, oxide or other 
foreign matter. 

The selection of the electrode diameter 
for the first layer must be based upon the 
amount of iron dilution permissible in the 
overlay. If the overlay is to be three 
or more layers deep, then dilution in the 
first nonferrous layer is not too important 
as the iron content will decrease with each 
successive layer. Minimum iron content 
will be obtained in the third or fourth 
layer. 

The first layer can be applied either as 
a wash head laid down with a fairly fast 
weave or by using a slightly lower cur¬ 
rent density and traveling at a relatively 
slow rate so that the arc is always on a 
heavy puddle of weld metal. Either 
technique minimizes penetration into the 
base metal. The second and succeeding 
layers may then he applied using %*- to 
l /4-in. diam. electrodes, the size of the 
electrode depending upon the thickness 
of base metal and the area which must be 


the long direction of the overlay. Better 
control of contour is obtained by applying 
narrow string beads rather than wide, 
weave beads. Each string should overlap 
the previous one by approximately 50%. 
Pcening of nickel and high-nickel alloy 
overlays is not necessary. 

Nickel-Chromium and Nickel-Chro- 
mium-Iron Heat-Resisting Alloys 

There are a number of nickel-chromium 
alloys which are used primarily as heat- 
resisting alloys in such applications as 
the heat treatment of steel, carburizing, 
enameling, glassmaking and other high- 
temperature applications. 

Only those alloys containing 50% or 
more nickel are discussed in this chapter, 
namely : 

(a) 65 to 68% nickel and 15 to 19% 
chromium. 

(b) 59 to 62% nickel and 10 to 14% 
chromium. 

(c) 80% nickel and 12 to 20% 
chromium. 

These materials, both in cast and rolled 
forms, are known by many trade names 
some of which are listed on page 774. 
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They are non-carburizing and have a char¬ 
acteristic non-flaking scale. 

Wrought material is joined by oxy- 
acetylene, shielded metal arc or atomic- 
hydrogen welding. Since the materials 
are furnished usually in hot-rolled form, 
a thin, dark-colored oxide covers them. 
Good welding practice requires that the 
oxide film be removed from the immediate 
vicinity of the area to be welded either 
mechanically by machining, sandblasting, 
grinding or rubbing with coarse emery 
cloth, or chemically, by pickling. Light 
grinding, with either fine-grit solid emery 
wheels, emery discs or rolled-head wheels, 
is employed most frequently. Difficulty 
in the form of an unstable arc in arc 
welding, and difficulty in melting through 
the oxide film in flame welding, is en¬ 
countered if the oxide is not removed. 

In oxy-acetylene welding, the use of 
a flux is not mandatory, but it is bene¬ 
ficial in keeping the chromium oxide from 
forming and being a disturbing element. 
The flame should be very slightly re¬ 
ducing. Welding rods, either drawn or 
cast, but of the same general composition 
as the metal being welded, are used as 
filler metal. The surface of cast welding 
rods should be free from molding sands 
and other foreign materials. 

Covered welding electrodes are made 
in the same general compositions as the 
wrought materials. All are used with 
d.c. reversed polarity (electrode positive). 

In joining these materials, practices for 
fit-up and welding employed for high- 
quality fabrication of steel are used with¬ 
out important change. Since the co¬ 
efficients of expansion of the alloys con¬ 
taining 59 to 68% nickel are appreciably 
higher than that of steel, expansion and 
contraction must be taken into account if 
excess buckling is to be avoided. The 
heat-resisting alloys containing approxi¬ 
mately 80% of nickel have coefficients of 
expansion approximately the same as that 
of steel. 

Hastelloy Alloys 

With a few exceptions the techniques 
established for joining austenitic stainless 
steels may be used for welding Hastelloy 
alloys. As with stainless steels, proper 
care must be taken to prevent distortion 
and undesirable heat effects. While these 
alloys are not especially susceptible to 
carbide precipitation, sufficient care must 
be taken to confine the heat to minimum 


areas and to shorten the time at welding 
heat. 

Hastelloy alloys can be welded satis¬ 
factorily by the atomic hydrogen or inert- 
gas metal-arc welding processes. Both 
a.c. and d.c. are used with the inert-gas 
process, although d.c., straight polarity 
is preferred. Manual or machine welding 
can be used without the aid of flux. The 
use of argon as a shielding gas is pre¬ 
ferred, since it has a greater stabilizing 
effect on the arc than helium, especially 
on thin sheet (24 gage). 

Shielded metal-arc welding is also a 
satisfactory method of welding Hastelloy 
alloys. In general, joint designs es¬ 
tablished for carbon steel are acceptable 
for the Hastelloy alloys. Direct current 
reversed polarity is most generally used. 
Welding electrodes of the various alloys 
are available with balanced analyses pro¬ 
viding for composition changes during 
welding. However, in many cases, elec¬ 
trode materials of dissimilar composition 
may be used for joints to secure stronger 
welds and lessen notch cracking. 

Submerged arc welding may be used 
also for welding the Hastelloy alloys. 

Oxy-acetylene welding, with certain 
limitations, can be used for welding these 
alloys; in general, however, the faster and 
carbonless arc methods are preferred. 
The chief disadvantage in using the oxy- 
acetylene process lies in the danger of 
carbide precipitation caused by holding 
the metal at too high a temperature for 
too long a period of time. Then, too, 
there is always a possibility of carbon 
absorption in the weld area caused by 
excess acetylene in the gas mixture. 
Precipitation and carbon pickup can be 
controlled, however, through the use of 
special fluxes and by proper torch opera¬ 
tion. When welding with the oxy-acety¬ 
lene process, best results can be obtained 
bv using a neutral flame and a tip several 
sizes smaller than is ordinarily used for 
joining plain steel. An oxidizing flame 
should never be used. 

Ilium 

The nominal composition, physical and 
mechanical properties of Illium are shown 
in Tables 2, 3 and 4, respectively. Illium 
may be welded by either shielded metal- 

arc or oxy-acetylene welding. 

Coated Illium electrodes are designed 
for use with d.c., reversed polarity (elec- 
trode positive). A short arc should e 
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maintained. A current of 80 to 90 amp. 
is recommended for Vs-in. diam. elec¬ 
trodes. 

Weld preparation similar to that em¬ 
ployed on other high-nickel alloys is 
used. Normally, no preheat is necessary ; 
however, on very rigid structures, a pre¬ 
heat of 1400° F. will prevent cracking 
during cooling. Where possible, the full 
depth of the joint should be built up in 
one operation, rather than in layers. 
Where it is necessary to make the weld 
in layers, the metal should be allowed to 
cool and the slag should be cleaned off 
thoroughly prior to deposition of sub>c- 
quent passes. Slag inclusions or incom¬ 
pletely fused areas should be ground out 
before proceeding. 

1 ilium may be welded satisfactorily by 
the oxy-acetylene welding process using 
a reducing flame, a tip one size larger 
titan that employed for steel, a welding 
rod of the same composition as cast 
1 Ilium G, and a flux similar to that tin 
ployed for cast iron. The surfaces to be 
welded should be ground or machined for 
cleaning and to produce an edge prepara 
tion which will permit sufficient manipu¬ 
lation to insure complete penetration 
Preheating to 1400*F. is advisable. 

The base metal should be fluid before 
adding filler metal, which should !>e added 
to the molten pool only. The weld should 
be puddled to permit oxide, impurities 
and gases to float out and the flame 
should be withdrawn slowly to permit 
gradual solidification from the bottom up 
It is important to observe that in all 
welding where the complete area cannot 
be covered by the flame of the torch, the 
metal should be applied so that the torch 
tip is pointing toward the completed weld 
at an angle of 45 degrees. 

COMMON APPLICATIONS 

Nickel and the high-nickel alloys are 


used as materials of construction where 
their special properties will give them an 
economic advantage over other materials. 
The selection of a nickel alloy will gen¬ 
erally be decided on the following re¬ 
quirements or properties: 

1. Resistance to corrosion by a wide 
variety of corrosive media and over a 
wide range of temperatures. 

2. Purity of product. 

3. Peculiar physical properties such 
as magneto-striction, emissivity, spring 
properties at elevated temperatures and 
others. 

The fields of application are numerous. 
A few examples will serve to illustrate 
current usage and to suggest others. 

Xickel —Food-processing vessels; chem¬ 
ical reaction vessels ; caustic evaporators ; 
tank cars and shipping containers; heat 
exchangers; pipe lines and valves; instru¬ 
ment parts ; electronic tube parts ; gaskets. 

"L” Xickel —Caustic manufacturing 

equipment. 

Durauiekel —Springs ; plastic extrusion 
dies. 

Inconel “X "—Gas turbine rotors and 
blades ; bolts ; springs. 

Inconel —Aircraft manifolds and heat¬ 
ers ; leather tanning drums; furnace fix¬ 
tures and parts; chemical processing 
equipment. 

Other Nickel-Chromium Alloys —Heat¬ 
ing elements; heat-treating equipment. 

Monel —Chemical processing equip¬ 
ment ; petroleum reaction vessels; pulp 
and paper mill equipment; pickling chains 
and crates ; locomotive staybolts ; kitchen 
utensils, sinks, pot cleaners; laundry 
equipment; pipe-line valves; heat ex¬ 
changers. 

"K" Monel and “KR ” Monel —Aircraft 
instruments; propeller shafting; springs; 
<»il well drill collars. 

"K” Monel —Screw machine parts. 

Ilastelloys and Illium —Chemical-proc¬ 
essing equipment; acid-processing equip¬ 
ment. 


BIBLIOGRAPHY 


The Spot H'eldmg of Wicket, Monel and 
Inconel, W F. Hess and A. Muller. The Weld 
m* Journal Res Sup^l , October 194 1 

Tke Flask Welding of Nickel and High- 

rl lkr xL1 lloy Rod ’ W Hess and A Muller. 
The \\ elding Journal Res Suppl.. October 19 u 
Pressure Vessels Made with Welded Nickel 
Alloy Linings, T. H Menauj?h. Materials and 
Methods, May 1946. 

4 Welding and Other Fabrication Methods 
for H a tie I toy Alloys, C. C, Chisholm, The Weld 
in* Journal. December 1946. 

)<fining Corrosion Resistant Alloys by Sub 
merged Arc Welding, R J Anderson and H 


I. Roberts. The WeldiriK Journal, April 1947 
■ also Materials and Methods, Julv 1947). 

6. li'elding and Fabrication of High-Tempera 
tore Alloys. C. G Chisholm, The Welding 
Journal. March 1948. 

7. Welding, Brazing and Soft Soldering of 
Monel \ ickel and Inconel, Technical Bulletin 
1 -. International Nickel Co.. 1948. 

8. Haynes Alloys for High-Temperature Serv 
'ce. Form 8612, Haynes Stellite Co. 

9. Hastelloy Hiah-Strennth, Nickel Base. Cor . 
ros,on Resistant Alloys, Form 3361E, Haynes 
Mrllite to. 



CHAPTER 36 


LEAD AND ZINC* 


A. LEAD 

INTRODUCTION 

The welding of lead is similar to the 
welding of other metals, the purpose be¬ 
ing to join two separate sections of metal 
into one continuous piece. However, the 
technique used to bring about this desired 
result differs considerably between lead 
and other metals. An important differ¬ 
ence in gas welding lead to lead is that 
no flux is required. In the past the com¬ 
mon term for lead welding lias been lead 
burning. Since the result of the opera¬ 
tion is a true weld this is a misnomer. 

Probably the first successful attempt at 
welding was done on lead. This has been 
shown by samples of lead pipe dating 
back over 1800 years. The Romans of 
that era had complete water distribution 


systems and most of the pipe used to 
convey the water within the cities and 
homes was lead. The pipe was manu¬ 
factured in standard lengths and sizes 
and the method of manufacture was a 
crude form of welding as compared to 
methods of today. 

GENERAL PROPERTIES 

As a raw material lead is marketed in 
pigs averaging 100 pounds. Pig lead is 
available in several grades as specified in 
the ASTM Standard Specifications for 
Pig Lead (Serial Designation: B29-43). 
(See Table 1). 

The various grades of lead find their 
principal use in certain applications but 
are not necessarily confined to those ap¬ 
plications. For example, corroding lead, 
because of its high purity, is most ex¬ 
tensively employed in the manufacture of 


Table 1—Chemical Composition of Pig Lead 



Corrod-' 

ing 

Lead* 

Chemical 

Lead* 

Acid 

Lead* 

Copper 

Lead* 

Common 

Desilver¬ 

ized 

Lead A* 

% 

Common 

Desilver¬ 

ized 

Lead B* 

Soft 

Unde¬ 

silverized 

Lead* 

__ 

Silver, max., per cent . 

0.0015 

msm 

0.002 


0.002 

0.002 


Silver, min., per cent . 

• 

• # # • 


• • • • 

• • • • 


• • • • 

••• 

Copper, max., per cent. 

0.0015 

IEGUI 

0.080 


0.0025 

0.0025 

mt'n'lmm 

Copper, min., per cent. 

Silver and copper together, max., per cent. 

0.0025 

0.040 

• ft# 


0.040 

• • • • 

• • • • 

• • • • 

• • • • 

• • • • 

• • • • 

Arsenic, max., per cent . 

0.0015 

• • • • 

• • • • 

• • • • 

• • • • 

• • • • 

• • • • 

Antimony and tin together, max., per cent. 
Arsenic, antimony, and tin together, max., 

per cent . 

Zinc, max., per cent . 

0.0095 

• • • • 

tiff 

• • • • 

• • # • 

• • • • 

• • • * 

• • • • 

• 

0.002 

0.002 

0.015 

0.015 

0.015 

0.015 

0.0015 

0.001 

0.001 

0.002 

0.002 

0.002 


Iron, max., per cent. 

0.002 

0.002 

0.002 

0.002 

0.002 

0.002 


Bismuth, max., per cent. 

Lead (by difference), min., per cent. 

0.05 

0.005 

0.025 

0.10 

0.15 

0.25 


99.94 

99.90 

99.90 

99.85 

99.85 

99.73 

99. W 


• Explanatory Note: _ . 

Corroding lead is a designation that has been used for many years in the trade to describe lead which has been rennea 
to a high decree of purity. c ... 

Chemical lead has been used for many years in the trade to describe the undesilverized lead produced from soui 
eastern Missouri ores. 

Acid lead is made by adding copper to fully refined lead. 

Copper lead is made by adding copper to fully refined lead. . , 

Common desilverized leads A and B are designations that are used to describe fully refined desilverized lead. 

Soft undesilverized lead is used in the trade to describe the type of lead produced from ores of the Joplin, m. 
district. 

white lead and other pigments. Chemical 
lead, acid lead and copper lead are widely 
used under corrosive conditions. Com¬ 
mon desilverized lead A, common de- 


* Prepared by a committee consisting of G. 
O. Hiers, National Lead Co., Chairman; D. M. 
Borcina, Lead Industries Assn.; S. E. Maxon, 
The New Jersey Zinc Co.; J. H. Torrence, 
Consulting Engineer. 
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silverized lead B and soft un-desilverized 
lead are essentially for general purposes. 

Lead is easily rolled into sheets, ex¬ 
truded into pipes and fittings, cable 
sheathing, and in fact practically any de¬ 
sired cross-section. It is easily worked, 
forged and cast, and is alloyed with many 
other metals. Two alloys commonly used 
in welding are tellurium lead and anti- 
monial lead, in both of which the alloy¬ 
ing elements impart certain character¬ 
istics to the lead. The addition of tel¬ 
lurium, less than 0 . 1 %, improves the 
work-hardening capacity of the lead. 
The addition of antimony, usually about 
6%, increases the hardness and provides 
about twice the tensile strength of soft 
lead at ordinary temperatures. How¬ 
ever, antimony lowers the melting point 
markedly depending on the percentage 
used. 

Lead melts at 621 °F. and boils at 
3092°F. When freshly cut, its surface 
has a bright silvery luster which oxidizes 
to a dull gray. Lead is resistant to cor¬ 
rosion from ordinary atmosphere, mois¬ 
ture and water and is particularly effec¬ 
tive against many acids, such as sulphuric 
and chromic. 

In specifications the thickness of sheet 
lead is usually referred to by weight in 
pounds per square foot. The thickness 
in inches can easily be ascertained by fol¬ 
lowing, in general, the formula 1 sq. ft. of 
lead ‘/«w-in. thick equals 1 pound. For ex¬ 
ample, 8 lb. sheet lead weighs 8 lb. per 
sq. ft. and is ”/** or V»-in. thick. 

Lead pipe is usually specified by inside 
diameter and weight per foot or by wall 
thickness. 

HOW TO WELD 

Processes Used 

Las welding i*> most commonly used 
for welding lead. Other welding proc¬ 
esses have been used on an experimental 
basis only. 

Special Tools of the Lead Welding 
Operator 

The following tools are needed by the 
lead welder: 

1. Welding torch tips ranging in drill 
size from about 78 to 68 . The smaller 
tips are for use with 6 lb. lead and 
lighter, and the larger tips for heavier 
lead. Depending upon conditions and 
the welder’s experience, torch tips 
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larger than 68 drill size are sometimes 
used. Light fingertip torches sepa¬ 
rated from the control taps and easily 
accessible to the welder are preferred. 

2 . Mallets and dressers, of materials 
that will not dent or mar the lead, for 
dressing the sections of lead to be 
joined so that they are suitably aligned 
for welding. 

3. Wooden turn pins for expanding 
one end of a length of pipe so as to 
easily insert another section of pipe to 
form a cup or lap joint. 

4. Shave hooks, scrapers and wire 
brushes for cleaning or removing oxide 
from the lead over the areas that are 
to become a part of the joint. 

5. Various tools for uniformly cut¬ 
ting the lead. 

6 . Metal molds for use on vertical 
butt seams. 

Gases Used 

There are three combinations of gases 
commonly used. They are oxy-acetylene, 
oxy-natural gas and oxy-hydrogen. The 
oxy-hydrogen mixture can be used for all 
positions and is considered the most satis¬ 
factory fuel. In general, oxy-acetylene 
is satisfactory for all positions of welding. 
The oxy-natural gas mixture is satis¬ 
factory for the fiat, horizontal and ver¬ 
tical positions. 

Gas Pressure and Type of Flame 

A low gas pressure, from l 1 /a to 5 psi., 
is generally used varying with the type 
of weld to be made. The fiame must be 
a neutral one inasmuch as a reducing 
flame will deposit soot on the joint and 
an oxidizing fiame coats the molten 
globules of lead with an oxide film which 
acts as a barrier between the molten 
globules preventing coalescence. The 
length of the fiame will vary, but is usu¬ 
ally somewhere between l ‘/ 2 to 4 in. 
depending upon the pressure and volume 
of gas used. 

Welding Rods 

Filler metal is generally used, in the 
form of welding rods in sizes from I / 8 to 
“7 4 in. in diameter. The smaller sizes are 
used for light-weight lead and the larger 
sizes for heavier lead. The selection 
very often depends upon the welder’s 
preference. The welding rods should be 
of the same composition as the lead to be 
welded. For example, if 6% antimonial 
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lead is being welded, then a 6% anti- 
monial lead welding rod should be used. 

Working Precautions 

The sections of the lead that are to be¬ 
come a part of the joint should be scrupu- 



Fig. 1.—Butt Joint for Sheet Lead Vs In. 

Thick or Less 


vertical and overhead welding, the lap 
joint is almost always used. The flange 
joint, which is not illustrated, is used only 
under special conditions. 

(b) Pipe .—The butt joint is usually 
preferred, with the lap and cup joints 



Fig. 4.—Butt Joint for Pipe with V» In. 
Wall Thickness or Less 


lously cleaned by shaving or wire brush¬ 
ing. This includes the inner surface of 
pipe joints in contact as well as the ex¬ 
posed areas. On square butt joints the 


as alternatives on lighter weight lead, up 
to about 5 /32-in. thick. (See Figs. 4, 5 
and 6.) The flange joint is often used 
on larger diameter pipe but differs from 



Fig. 2.—Butt Joint for Sheet Lead Over 

Vs In. Thick 


Wall Thickness 

the flange joint in sheet lead. The flange 


abutting edges as well as the surface on for pipe joints is cast or made from sheet 


which the reinforcement will be deposited ] e ad and then welded to the pipe, 
should be cleaned. On lap joints the edge 


and underside of the lapping sheet and 
the underlapping sheet extending beyond 
the lap to the end of the area over which 
the weld will be deposited should be 
cleaned. 



Fig. 3.—Lap Joint in Sheet Lead 


Typfes of Joints 



(a) Sheet .—There are three basic 
types of joints commonly used in weld¬ 
ing lead sheet. These are the butt, lap 
(see Figs. 1, 2 and 3) and flange types. 
On flat work the butt and lap types of 
joint can be used interchangeably depend¬ 
ing upon conditions of installation. On 


Fig. 0.—Cup Joint for Pipe in Vertical 

Fixed Position 

Preparation for Welding 

The lap joint is prepared by lapping 
the edge of one member over the other 
about Vi to 2 in. depending upon the 
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thickness of the lead. The thicker the 
lead the greater should be the lap. The 
underside, top and edge of the upper 
member are scraped clean as is the top 
of the lower member. Cleaning is neces¬ 
sary only over the area that is to become 
part of the welded joint. 

The butt joint is prepared by placing 
the edges of both members together. For 
material weighing less than 8 lb. ( x /«-in. 
thick) no beveling of the edges is neces¬ 
sary. However, for heavier weights the 
edges should be beveled to an included 
angle of 45 to 90 deg. except for a root 
face of Via in. minimum, usually without 
root opening. (See Fig. 2.) The root 
taces should be shaved clean as well as 
the top surfaces of the two parts over the 
area forming the joint. 

The flange joint for use with 4 lb. and 
lighter sheet is prepared by turning up 
the ends of the sheets to be joined, botli 
sides and edges of the upturn being thor¬ 
oughly scraped clean and then butted to¬ 
gether. 

Manipulation of the Torch 

Manipulation of the torch and the kind 
of flame used depend on the type of joint 
being welded and the position of welding. 
In general, a semi-circular or V-shaped 
motion is used. The molten lead is con¬ 
trolled and flowed with the flame, thus 
accounting for the circular or herring¬ 
bone appearance of the joint. Each semi¬ 
circle or Vee is made in one continuous 
operation, the flame being flicked away 

from the work at its completion. (See 
bigs. 2 and 7.) 


Positions of Welding 

Welds in a Flat Position .—The butt 
joint is the most commonly used type for 
flat welding, and has been described pre¬ 
viously. For thin sheet, Va* to V« in. 
(2 to 4 lb.), flanges 1 to 1V 2 times the 
sheet thickness may be bent up, cleaned 
and butted together. Lap joints are some¬ 
times preferred, due to simplicity of 
fitting. Welding consists of moving the 
torch in a semicircular path toward the 
lap and then straight away. Filler metal 
is generally used, although none is used 
on the first pass. Flat welds are illus¬ 
trated in Figs. 1, 2, 3 and 7. 


START 



MOTION OF TORCH IN MAKING 
VERTICAL LAP SEAM 



Fig. 8.—Technique of Welding Lap Joint 

in Vertical Position 


COMPLETE 

WELD 


DIRECTION 
OF WELD 


MOTION OF 
FLAME 



START OF 
NEXT STROKE 


Fig. 7.—Technique of Welding Lap Joint 

in Flat Position 


In welding in the horizontal position, a 

soft bushy flame is most desirable; in the 

vertical and overhead positions a more 

pointed flame is generally used. This 

will vary to some extent with each weld¬ 
er. 


Welds in a V ertical Position .—Lap 
joints are used almost exclusively for 
welding in the vertical position. Welding 
is begun at the bottom of the joint and 
the flame is applied to the lead at the 
junction of the front and rear sheets. 
When the edge of the front sheet be¬ 
comes molten, the flame is carried with 
a circular downward motion back into 
the sheet and completely liquefying the 
overlap. Then the flame is carried al¬ 
most horizontally over the underlapping 
sheet fusing the front and rear sheets 
together. Welding rod is not generally 
used. (See Fig. 8.) 

In rare instances, butt joints are used 
but this is more of a molding operation 
performed with molds held in place and 
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lead melted into and fused with the joint 
by directing the flame into the mold. 

Welds in an Overhead Position .—The 
overhead position is the most difficult of 
all for welding lead and is to be avoided 
if at all possible. However, if it is 
necessary to weld in this position, the lap 
joint is most suitable and as sharp a 
flame as possible must be used. Of neces¬ 
sity, the beads should be small and the 
operation completed as quickly as pos¬ 
sible. No welding rod is used. The 
pressure of the flame and capillary at¬ 
traction are usually sufficient to hold the 
molten lead in place. 



Fig. 9.—-Overhand Technique for Weld¬ 
ing in the Horizontal Position 

Horizontal Joint on a Vertical Sur¬ 
face .—There are two methods of mak¬ 
ing joints in the horizontal position; the 
overhand, which is the easier and there¬ 
fore the preferred, and the underhand. 
Both are of the lap type. In the so-called 
overhand method, the lower sheet to be 
joined is the overlapping sheet and the 
edge of the lap is left slightly open. The 
flame is inserted into this opening and 
welding done in what amounts to a flat 
position. (See Fig. 9.) The lap is not 
used as filler metal but becomes part of 
the flare in which the welding is per¬ 
formed. Filler metal is supplied by a 
welding rod. The underhand method is 
necessary if the upper sheet laps over 
onto the lower sheet. The lap is dressed 
tightly against the lower sheet and weld¬ 
ing is performed by using the downside 
lap edge as filler metal. The flame is 
pointed at the lower sheet and cut into 


the overlap when the bead is formed. No 
welding rod is used. The underhand 
joint (see Fig. 10) is almost as difficult 
to weld as joints in the overhead position 
and should be avoided wherever possible. 



Fig. 10.—Underhand Technique for 
Welding in the Horizontal Position 

Pipe Joints 

For best results in welding pipe joints 
the work should be planned so that as 
few joints as possible have to be made 
in place. Where the pipe can be rotated 
horizontally, welding can be performed in 
what amounts to a flat position. 

Where rolling is not possible and the 
pipe is in a horizontal position a butt 
joint is used. To avoid overhead welding 
the procedure usually followed is to cut 
a vee section in the upper part of one end 
of the abutting pipe. This allows access 
to the lower part of the joint which is 
then welded from the inside of the pipe. 



Fig. 11.—Technique for Welding Pipe in 
the Horizontal Fixed Position 


The vee cut is then replaced and welded 
from the outside as is the upper part of 
the joint. (See Fig. 11.) An alterna¬ 
tive method is to cut tee-slots in the upper- 
part of both ends of the pipe, folding back 
the lead and following the same procedure 

as above. 
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For pipe joints in the vertical fixed 
position the cup joint should be used. 
The lower section of pipe is flared out 
and the upper beveled to fit into the 
flared end. The flame is directed into 
the flare and using the welding rod, the 
two sections of pipes are welded together. 
Multiple passes (loading passes) are 
usually necessary. The procedure of 
welding is similar to that used for a 
groove-welded butt joint. (See Fig. 6.) 

Thickness of the Weld 

From one to five layers of lead may be 
applied in welding, depending upon the 
thickness of the lead joined. In general, 
a weld reinforcement of about 1 / 8 in. is 
used for butt joints. In flat lap joints, 
the rule is to build to the thickness of 
the top sheet and then apply one more 
pass. For vertical and overhead lap joints, 
multiple passes are seldom practical. For 
cup joints welded in the vertical fixed 
position, loading is necessary to bring 
the weld even with the lip of the cup. 

Welding Lead to Other Metals 

Welding lead to other metals is usually 
confined to a covering of lead applied to 
steel or copper. Lead-covered steel and 
copper are standard equipment and are 
commercially referred to as homogen¬ 
eously lined lead equipment. The other 
metals are prepared for welding by thor¬ 
oughly cleaning them by sand blasting or 
pickling. A considerable amount of this 
equipment is made by fluxing the steel or 
copper and applying the lead manually 
with torch and welding rod. Lead coat¬ 
ings of */»• to */., in. are quite common. 
However, it is not usually possible to 
build up to these thicknesses in one pass 
and subsequent passes are necessary. No 
flux is necessary on these latter passes. 

Important uses for these materials are 
in vacuum vessels, jacketed vessels and 
heat exchanger coils containing high 
pressures. This equipment gives rela¬ 
tively good heat transfer and withstands 
repeated rapid heating and cooling cycles 
without buckling. 

Welding Speed 

T he speed of welding butt joints in the 
Mat position is not much different from 
the speed of gas welding steel. Speeds of 
^0 ft. per hr. arc common with 6-lb. 
sheet lead. Granjon’s formula for de¬ 
termining welding speed is: 


_ 1.92 to 3.85 
T 

where T = lead thickness, in. 

V = welding speed, ft./hr. 

Consumption of Welding Rod 

On butt joints, a rough rule of thumb 
for rod consumption for a single pass is 
1 ft. of rod to 1 ft. of joint where Vi-in. 
rod and 8-lb. lead are employed. There 
is slightly over 4 ft. per pound of l /«-in. 
rod. 

Safety Precautions 

Because of the toxic nature of lead, 
lead welding should be conducted in well- 
ventilated locations to prevent inhalation 
of excessive amounts of lead fumes or 
dust. Men working in confined areas, 
as the bottom of a deep open tank, 
should be provided with a positive air 
supply directed into the tank by a fan or 
blower to a position below the breathing 
level. In enclosed areas such as in a 
pressure vessel or closed tank, each man 
should be required to wear an air-sup- 
plied respirator or mask. (See Chapter 
46 for further information on Safety in 
Welding.) 

COMMON APPLICATIONS 

Lead products which are welded in¬ 
clude tank linings and conveyors and 
other equipment used to store, mix, con¬ 
vey or otherwise come in contact with 
chemical solutions. In lead storage bat¬ 
teries connector straps arc welded to 
grids and connector lugs are welded to 
strap posts by a semi-automatic process. 

I'igure 12 is an example of lead weld¬ 
ing a seam in 10-lb. sheet lead with a 
finger-tip torch in the collect launder 
of a 100-ft. diain. lead-lined settling tank, 
part of a set-up for purifying sulfur di¬ 
oxide gas. Figure 13 shows workmen 
smoothing lead sheet and welding a seam 
in a lead floor pan being installed in a 
plating plant. 

Welding of plumbing and roofing prod¬ 
ucts is confined to waste and vent lines 
for chemical and laboratory tables. (See 
bibliography at end of chapter for sources 

of further information on the welding of 
lead.) 

Supports for Sheet Lead Lined Tanks 

Where high temperatures are used 
within the lead-lined tank or rapid cycles 
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Fig. 12. Lead Lining a 100-Ft. Diam. Settling Tank 


of heating and cooling are encountered or 
the tank is a large one, it is customary 
to reinforce the sheet lead lining with 
flat or half oval steel bars. This is done, 
after a complete lead lining is installed, 
by placing the steel bars over the lead 
lining and bolting them through to the 
outer surface of the tank. The exposed 
steel bars are then covered with strips of 
sheet lead that are welded to the lead 
lining. Where exceptionally severe con¬ 
ditions are encountered, brick linings 
within the lead linings are used. 


B. ZINC 


GENERAL PROPERTIES 

Zinc and zinc alloys are similar in some 
respects to the group of metals which in¬ 
cludes lead, tin and cadmium. Commer¬ 
cial grades of zinc conform to the re¬ 
quirements of A STM Standard Specifi¬ 
cations for Slab Zinc (Spelter) (Serial 
Designation: B6-46) and Standard Speci¬ 
fications for Zinc-Base Alloy Die Cast- 
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Fig. 13. —Lap Weld in Lead Floor of Plating Plant 


f ( Serial Designation : B86-46), given 
in 1 ahles J and 3. 

ast zinc and zinc alloys cannot be 
worked at room temperature, but may 
l*e rolled at alxmt 300 to 500°F. or ex¬ 
truded at between 550 and 650° F. 

\\ lought zinc sheet, however, is very 
ductile and can be fabricated at about 
70 U F., or slightly higher. However, zinc 
• md zinc alloys become brittle somewhere 
l»-low room temperature. Recrystalliza- 
tion decreases the ductility of zinc, par¬ 
ticularly if large grains are formed. The 
mechanical properties of zinc sheet are 
'mdily directional, but zinc can be cross 
rolled in a continuous operation using 
properly proportional reductions to avoid 
directionality. I be density of zinc is 


Table 2—Chemical Composition of Slab Zinc 


Grade 


f/a) Sr*cial High Grade 
(/) High Gride. 
Intermediate 
Brass Special.. 
Selected .. 

Prime Western 



5g 
. ^ 
G ^ 

£ t 



' - f 

U) 

U) 

(4) 

(5) 


0.006 0.005 0.004 


0.07 0.02 
0.20 0.03 
0.60 0.03 
0.80 ,0.04 
1.60 0.08 



No«. Analysis shall not regularly be made for tin 
but when used for die castings, if found by the purchaser 
tin shall not exceed 0.003 per cent. Cheater amounts mty 
constitute cause for rejection. ^ 
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Table 3—Chemical Composition of Zinc-Base Alloy Die Castings 



Alloy No. XXI 

Alloy No. XXin 

Alloy No. XXV 


2.5 to 3.5 

3.5 to 4.5 

0.02 to 0.10 

0.100 

0.007 

0.005 

0 . 00 s 

remainder 

0.10, max. 

3.5 to 4.3 

0.03 to 0.08 
0.100 

0.007 

0.005 

0.005 

remainder 

0.75 to 1.25 
3.5 to 4.3 
0.03 to 0.08 
0.100 

0.007 

0.005 

0.005 

remainder 


Magnesium, per cent.j 

Trnn m;i x . nrr cent..... 


Cadmium, max., per cent. 

'Fin mn t.. ncr ct nt... 

Zinc, per cent. 


7.14, less than iron. Its melting point is 
787°F. while it boils at 1665°F. Its 
electrical conductivity is about one- 
third that of copper. 

HOW TO WELD 
Processes Used 

Gas welding is most commonly used for 
welding zinc and zinc alloys although 
spot and seam welding have been used to 
fabricate wrought zinc parts. (See Chap¬ 
ter 16.) 

Working Precautions 

Since zinc surfaces oxidize instanta¬ 
neously, making shaving impractical, a 
flux has to be used in welding. This flux 
not only prevents oxidation, but evapora¬ 
tion and boiling in the weld puddle are 
limited as well. The flux is usually a 
half-and-half paste of zinc chloride and 
ammonium chloride (sal ammoniac). 
Zinc alloys containing 4% aluminum re¬ 
quire special attention, since fluxing is 
difficult. 

The evaporation of zinc from the weld 
puddle, which occurs at 1112 to 1292°F. 
results in the formation of a fume of zinc 
oxide above the weld. Chapter 46 con¬ 
tains information on the hazard of zinc 
fumes and suggestions for ventilation. 

The principal requirement for success¬ 
ful oxy-acetylene welding is that flux 
be applied on both edges of the sheet and 
on the welding rod, so that metal of the 
same composition as the base metal will 
be deposited. 

Preparation for Welding 

The torch tip should be small in order 
to keep the amount of welding heat at a 
minimum. A tip suitable for steel V 32-in. 
thick is used for zinc Vs-in. thick. The 
flame should be neutral or slightly reduc¬ 


ing. The joint is prepared in about the 
same way as for steel. Thin sheets, 
1 / 32 -in. thick are flanged and welded 
without the addition of filler metal. 
Square-edged butt joints are welded in 
material up to Vs-in. thick. Thicker zinc 
is beveled to form a 70- to'90-deg. groove 
angle. Tacking at intervals of about 4 
to 6 in. is helpful. Lap joints are used 
sometimes to save time in fitting the 
edges. The welding technique is similar 
to that for aluminum in that holes are 
formed if the torch is held vertically. 
Therefore, the torch is held at an angle 
of 15 to 45 deg. to the sheets. On the 
other hand, in welding zinc the flame is 
directed on the welding rod which is 
lifted out of the flame for an instant after 
each drop has been deposited. It seems 
to be immaterial whether the flame is 
pointed toward or away from the deposit. 
The rod may be used to stir the puddle 
and coalesce the molten metal, while the 
torch is given an oscillating motion to 
avoid dwelling too long on one spot and 
melting a hole. Sheets Vs-in. thick have 
been butt welded at the rate of 25 ft. per 
hour. 

Butt or lap joints in the vertical posi¬ 
tion are started at the bottom. Either the 
torch is applied periodically to form a 
succession of beads or the torch is held 
nearly parallel to the sheets to melt the 
seam continuously. 

Peening the weld at 200 to 300°F. re¬ 
fines the grain size and may improve the 
mechanical properties. Peening at room 
temperatures or above 300°F. may crack 
the weld. 

Welding Zinc-Base Die Castings 

Broken zinc-base die castings as thin as 
7 so in. have been oxy-acetylene welded 
successfully by a number of experts pro¬ 
vided the castings have not been oxidized 
Welding is difficult because ot the aluim 
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num that these alloys contain, and is con¬ 
fined to repair work. The edges to be 
welded may be filed or may be scraped to 
a V with a steel spatula after being 
heated to the sweating point. The weld¬ 
ing rod may be pure zinc or, preferably, 
a die-casting alloy of the same type as 
that to be welded. Flux is recommended 
by some authorities (50% ZnCls, 50% 
NH.C1), but most operators use none be¬ 
cause alumina* cannot be fluxed at weld¬ 
ing temperatures, 602-788°F. A reduc¬ 
ing flame is generally preferred but no 
soot should be deposited. The flame 
should be directed on the welding rod to 
prevent overheating the casting. It ap¬ 
pears to be better to direct the flame 
nearly parallel to the surface rather than 


* Aluminum oxide. 


nearly vertical. Plaster of Paris is used 
sometimes to support the casting during 
welding, while a graphite mold may be 
used to prevent liquid weld metal flowing 
away while the weld is being stirred. 

COMMON APPLICATIONS 

Zinc is used mainly for galvanizing 
and its weldability is frequently a factor 
when welding galvanized materials. 
Brasses contain a high percentage of zinc 
and also can be welded. (See Chapter 
34.) 

Zinc alloys containing aluminum are 
sometimes welded or brazed because 
soldering is difficult unless the alloy 
is electroplated with an adequate coating 
of copper or nickel. This applies to die 
castings and also to stamping die alloys. 
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CHAPTER 37A 


CLAD STEELS* 


GENERAL PROPERTIES 

Definition 

A CLAD steel plate is a composite 
plate made up of commercial grade steel 
plate, to one or both sides of which there 
is continuously joined a veneer or clad¬ 
ding of a corrosion and/or heat-resisting 
metal, the thickness of which is an ap¬ 
preciable proportion of the total plate 
thickness. 


cladding material, with one surface 
specially prepared, is placed on the steel 
slab (see Fig. 1). All cladding plates 
containing chromium are first given an 
anodic pickle in dilute hydrochloric acid 
followed by an electrolytic plating of a 
layer of nickel or iron on one side. This 
prevents the formation of a chromium- 
oxide film on the surface to be bonded to 
the steel base plate. 

A second similarly prepared slab of 


Corbon 



Method of Manufacture 

Clad steels may be manufactured by any 
of the following methods : 

Roll W elding (II cat and Pressure 
Methods ).—A heavy slab of steel of the 
desired mechanical and chemical proper¬ 
ties is thoroughly cleaned on one of its 
fiat surfaces. A plate of the specified 


* Prepared by a committee consisting of \V. 
G. Theisinger, Lukens Steel Co., Chairman: 
II. S. Blumberg, The M. W. Kellogg Co.; O. B. 
J. Fraser. The International Nickel Co.; L. W. 
Williams, Lukens Steel Co. 


steel and cladding material is placed on 
top of the first one with an infusible 
parting compound separating the clad 
surfaces. The assembly is held together 
and sealed from contamination by a con¬ 
tinuous weld around the perimeter. The 
composite sandwich or slab is heated in a 
soaking pit to a temperature of 2100 to 
2350°F., depending upon the type of 
cladding, and rolled in a mill. Tie 
rolling pressure reduces the thickness ot 
the composite material and bonds t ie 
cladding to the steel, maintaining the 
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same relative proportions from the as¬ 
sembled slab to the rolled plate. After 
rolling, the four edges of the slab are 
sheared or oxygen cut and then separated 
into two clad plates, each of which con¬ 
sists of a steel backing with a layer of 
clad metal permanently bonded to one 
surface. Plates clad with stainless steel 
are heat treated after rolling to improve 
corrosion resistance. 

Casting Method .—Using this method, 
cladding may be applied to a mild steel 
plate by casting mild steel around an as¬ 
sembly of two plates of the cladding 
separated by insulating material and 
welded around the perimeter as shown in 
1'ig. 2. The composite assembly is then 
rolled as in the heat and pressure method 
and separated into two plates of clad steel 
by shearing of all four edges. 


Materials Available 

The backing plate of a clad steel may be 
carbon steel or low-alloy steel of flange 
quality or better conforming to the 
ASTM Specifications or similar specifi¬ 
cations of the AS ME Boiler Code. The 
most commonly used backing materials 
are as follows: 

A201—Specifications for Carbon-Sili¬ 
con Steel Plates of Ordinary 
Tensile Ranges for Fusion- 
Welded Boilers and Other Pres¬ 
sure Vessels, Grades A and B. 

A 203—Specifications for Nickel-Steel 
Plates for Boiler and Other 
Pressure Vessels, Grades A, B 
and C. 

A204—Specifications for Molybdenum- 
Steel Plates for Boilers and 
Other Pressure Vessels, Grades 
A, B and C. 


UJGOT MOLD 



rop v/chf 


Fig. 2.—Clad Steel Plate Made by Casting Method 


Intermciting Method .—In this method 
a refractory wall forms the bottom and 
three sides and a steel slab forms the 
fourth side of an open-top mold as shown 
in big. 3. In this jacketed space the 
alloying ingredients are metered and in- 
termelted with the surface of the steel 
ingot by a special electric furnace to pro¬ 
duce an integrally-bonded cladding of uni¬ 
form composition. The clad plate is 
heated and rolled to the required thick¬ 
ness in a mill in the usual manner. 

Arc and Gas Welding .—Overlapping 
beads of weld metal of the required com¬ 
position may be deposited by shielded 
metal-arc welding, atomic hydrogen weld¬ 
ing or oxy-acetylene welding onto one 
face of a mild steel slab as shown in Fig. 
4. The clad slab is then ground, heated 
and rolled in the usual manner 


A-12 Specifications for High Tensile 
Strength Carbon-Silicon Steel 
Plates for Boilers and Other 
Pressure Vessels, Grades A and 

A225 Specifications for Manganese- 
Vanadium Steel Plates for 
Boilers and Other Pressure Ves- 

A?or se!s, Grades A and B. 

Specifications for Low and In¬ 
termediate Tensile Strength Car- 
bon Steel Plates of Flange and 
hi rebox Qualities (Plates 2 in. 
and Lnder in Thickness), Fire- 
box or Flange Grades A. B and 

The materials normally used for clad¬ 
ding are shown in Table 1. Other clad¬ 
dings such as copper or silver can also 
be obtained. Forms available include 
sheared flat plates and sheets in essen- 
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Fig. 3.—Clad Steel Plate 
Made by Intermelting 
Method 
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Fig. 4.— 
Clad Steel 
Plate Made 
by Manual 
Arc Welding 
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daily the same sizes and thicknesses as 
commercially rolled; and pressure-vessel 
heads, flanged, flanged and dished, ellip¬ 
tical and conical, some of which are shown 
in Fig. 5. In addition, flued opening and 
flared ring sections for manholes and 
handholes, flanges and practically any 
other shape can be made. Pressed tank 
manhole flanges for storage tanks are 
available and may be used to advantage 
with flared and dished covers for low- 
pressure vessels. (Refer to Chapter 31 
for more detailed information on stainless 
steel and Chapter 35 for more detailed 
information on nickel and its alloys.) 



KanOCO anO VtAUO* 




’LAMG4D AMD COMCU 



S1AHDAJTO HANG! D ANO 

wwo 



HAJtfD AMO DONfp 



tiAMGio omt 



HANCfO AND DCSNtO 
A SM I cooc- 
API-ASMt COOt 



KANGIO ANO DOhCO 
BfUfO 



TOCO OUT HANOI 0 
OMIT 



Huproa mhio 



HAMGtD AMO «VftVO 
OcSNtO 



10*0 ru HAHOCO 
ONir 



HAXCrfD QHtV. tiUtO 


Fig. 5.—Typical Clad Stool Hoads 


Mechanical Properties .—The mechani¬ 
cal properties of clad steel plate, as deter¬ 
mined by tensile test are equal to or 
better than the properties of the back¬ 
ing steel itself. Because of the large 
selection of backing materials available, 
advantage can be taken of the high-tensile 
strength of carbon-silicon or low-alloy 
steels, or the elevated or subzero tempera¬ 
ture properties of molybdenum or nickel 
steels, respectively. Backing materials 
of special analyses may also be used. 

Cladding Thicknesses .—The cladding 
thickness is normally specified as a per¬ 
centage of the total thickness of the com¬ 
posite plate. T he most common thick¬ 
nesses are 10 and 20%, but the thickness 
may vary from 5 to 50%. Cladding 
thicknesses may also be specified in frac¬ 


tions or decimals of an inch, such as Vm 
in. or 0.050 in. regardless of the total 
thickness of the composite plate. The 
thickness of cladding used is determined 
by the requirements of the application, but 
for fabricating reasons is generally held 
to 0.030 in. minimum. 

Thermal Conductivity .—Vessels made 
of clad steels (except nickel-clad steel 
which corresponds to solid nickel’s high 
heat conductivity) have a noticeably 
higher rate of heat transfer than solid 
corrosion-resistant materials or lined ves¬ 
sels. Due to the intimate contact between 
the cladding and the backing material and 
the adherence of the bond, there is no 
significant thermal resistance. The effi¬ 
ciency in heat transfer of clad steel is 
almost equal to that of solid carbon steel. 

Cleaning and Treating 

In order to avoid contamination of clad 
surfaces with shop dirt a protective paper 
coating may be pasted on the clad surface, 
or it may be sprayed with a plastic coat¬ 
ing. Before welding, it is necessary to 
remove a strip of the coating, from 1 to 
3 in. wide depending on the thickness, 
along the edge to be welded. To prevent 
burning, plastic coatings should also be 
removed from the clad surface when 
attachments are to be welded on the 
unclad side. 

Plates should be handled in the shop 

with the clad side up to prevent gouging 

and deep scratching. Bending rolls, dies 

and tools should be wiped or brushed 

clean of loose scale and metal particles 

that might become imbedded in the clad¬ 
ding. 

Cleaning. Clad steel plates may be 
descaled by sandblasting or by the sodium 
hydride process. In this latter process 
the plate is immersed in a bath of molten 

7 aao 1 i 1 C SO( * a ( s °dium hydroxide) at 
700 F containing 1.5 to 2.0% sodium 

hydride. 1 he sodium hydride reduces the 

scale to lower metal oxides or to metal. 

J he plate is cooled by water quenching 

during which the steam liberated loosens 

the oxide from the surface. The clad 

surface of the plate is brightened by 

immersion in an acid bath. Plates clad 

with stainless steel are also passivated 

Wlth , nitnc . aci( l- After high-pressure 
spraying with water, the plates are given 
a hot-water bath from which they dry 
quickly. Heads and other parts as well 
as plates may be descaled by this method 
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which removes all the scale without loss 
of metal. 

Heat Treating .—Controlled treatments 
and procedure are necessary to produce 
the desired corrosion-resistant and me¬ 
chanical properties in clad steels. Con¬ 
ventional-type equipment is used; time 
and temperature control are most im¬ 
portant and cannot be overemphasized. 
Muffle-type furnaces are desirable. The 
material should not be exposed to a direct 
flame if gas or oil is used as fuel. 


corrosive action may start from grain 
boundary failure caused by zinc or sulfur, 
or from the carbonization of organic com¬ 
pounds. 

Clad steel plates should be supported 
on clean steel rails or on clean fire brick 
to keep the clad surface from contact with 
the slag or cinders in the furnace bottom. 
Wherever possible, the plates should be 
heated unth the clad side up. 

In general, the difference in the co¬ 
efficients of expansion of the backing 


Table 2—Maximum Hot Working and Annealing Temperatures 


Claddingo 


Maximum Hot Working 
Temp.6, °F. 


Annealing 

Temperature Range, 

°F. 


Rate of Cooling, 
Hr. 


12% Cr 

2100c 

12% Cr 

2000c 

15% Cr 

2000c 

10% Cr 

2000c 

17-7Cr-Ni 

2100 

l8-8Cr-Ni 

2100 

18-8Cr-Ni 

2100 

ID DCr-Ni 

2100 

ID DCr Ni-Ti 

2100 

ID DCr-Ni Cb 

2100 

25-!2Cr Ni 

2100 

25-20Cr-Ni 

2100 

18- 12Cr-Ni-Mo 

2100 

Nickel 9 

2300 

Monel 

2150 

Inconel 

2300 


1400-1500 d, T e 

1450-1550 ri 

1450-1550 ,i 

1450-1550 ,/ 


2000-2150 
1850 2050 
1800-2000 
1800-2000 
1800-2000 
1800-2000 
2050-2150 
2050-2150 
1000-2150 
1500-1000 
1000-1700 
I 750-1850 


' • < Table I for chemical analyses. 

l)o not heat above maximum temperature of hot working range 
\\ ork to below 1500°F. for maximum grain refinement 
hurnace cool at 50° per hour to 1100°F., then air cool’ 

Air quench. 

/ Can be annealed at 1500-1050°F. for 2 hr per in. thickness 
Nircial low-carbon "I." nickel should be used if extensive hot work or annealing is .equired. 


b 

e 

•I 

0 


Steels having a stainless cladding re¬ 
quire a neutral or oxidizing atmosphere. 
Reducing atmospheres should he avoided 
as they may produce carburizing condi¬ 
tions that result in the loss of corrosion 
resistance. Furthermore, the oxidizing 
atmospheres produce a scale that is more 
easily removed than that formed by a 
reducing atmosphere. In contrast, steels 
having a nickel, Monel or Inconel clad¬ 
ding should he heated in a reducing at¬ 
mosphere ; otherwise, surface or edge 
cracking may develop during hot work¬ 
ing caused by prolonged heating in the 
upper portion of the hot-working tem¬ 
perature range. 

Fuels high in sulfur, such as coke, coal, 
unwashed producer gas, crude oil ami 
others having a sulfur content in excess 
of 0.5%, may destroy ductility of the 
cladding through embrittlement. 

Clad steels should have marking paint 
and protective oil removed from the clad 
side before heating Embrittlement or 


metals and the cladding will give little 
or no trouble upon applications of heat. 
In most cases, prolonged soaking during 
heating is to he avoided because of the 
possibility of embrittlement, oxidation, 
excessive grain growth and, in the case 
of the unstabilized austenitic stainless 
clad steels, carbide precipitation in the 
temperature range of 800 to 1600° F. 

I hickness and composition of cladding 
and backing plate will establish the defi¬ 
nite type of treatment required. 

I reheating may be desirable to prevent 
thermal shock when rigid sections, differ¬ 
ent thicknesses of clad steel, or heavy 
gage material with high percentages of 
cladding are being heat treated. 

The holding time at the required tem¬ 
perature, as shown in Table 2, should 
be only long enough to insure that all 
the material is thoroughly heated. Any 

additional time may produce undesirable 
gram growth. 

Rate of Cooling .—Steels clad with 
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straight chromium steel, except Type 405, 
should be furnace cooled at a rate not 
exceeding 50°F. per hour to 1000°F., 
then air cooled to produce maximum 
ductility. Type 405 stainless steel may be 
air cooled from the annealing temperature 
since it has low hardenability. 

Hot Working. —Clad steel should not 
be heated above the temperatures shown 
in Table 2. The hot metal should be 
handled carefully to prevent damage to 
the clad surface. The clad material may 
be worked exactly as unclad steel plate. 
Dies should be dressed to remove burrs 
which might gouge the cladding. With 
straight chromium steel cladding, the 
work should be worked down to below 
1500° F. to secure maximum grain refine¬ 
ment. Hot working should be followed 
by suitable heat treatment to insure proper 
condition of the material for service. 

Material Preparation 

Shearing and Punching. —Shearing and 
punching should be done with the clad 
side up to throw the burr on the steel 
side. If sheared clad plates are to be 
welded, consideration should be given to 
shear droop, which is the break in flatness 
that occurs on the sheared edge due to 
the shearing pressure. This effect can be 
disregarded where the plate edge is sub¬ 
jected to subsequent machining operations, 
or if the plate is of light gage. 

Bending and Rolling. —When severe 
bending or other forming is performed, 
the material should be in the annealed 
condition. Radii should be as large as 
possible and compensation for spring-back 
should be made when bending. When 
low-alloy steel backing is used for heavy- 
gage clad plate, bending and rolling should 
be performed hot. All working surfaces 
of both the plate and the machine must 
have loose scale and steel particles or 
chips removed so they will not be im¬ 
bedded in the clad surface and act as 
focal points for corrosion. The straight- 
chromium-clad materials are not as duc¬ 
tile as the other clad materials, and allow¬ 
ance should be made for this factor in 
both design and fabrication. When cer¬ 
tain corrosive applications require that the 
cladding be free from any stresses arising 
from severe cold working, such stresses 
should be removed by annealing. 

Machining. —The backing plate may be 
machined with speeds and feeds used for 
mild steel. With chromium-nickel clad¬ 


dings, the tool should not be allowed to 
ride the clad surface, as the material will 
work harden and gall. With all types 
of cladding, the speeds should be a little 
lower than those used for steel, but 
feeds should be firm. 

Oxygen Cutting. —When oxygen cut¬ 
ting plain-carbon steels, the cut is effected 
by successive oxidation of the metal and 
removal of the oxide. With clad steels, 
however, the cladding must be removed 
by actual melting of the alloy. Steels 
clad with nickel, chromium steel or chro¬ 
mium-nickel steel are readily cut, but 
some difficulty may be experienced in 
cutting Monel and Inconel claddings. It 
is general practice to preheat steels clad 
with these two materials to a dull red 
in advance of the cut. 

The material should be cut with the 
backing steel on top, and all scale should 
be removed along the line of cut. The 
nozzle or tip should be one or two sizes 
larger than that ordinarily used for the 
same gage of unclad carbon steel, and it 
is recommended that the nozzle be of 
the type having six preheating orifices 
rather than the usual four. An ample 
volume of cutting oxygen should be pro¬ 
vided to assist in the washing action. 
The torch should be inclined 5 to 20 deg. 
toward the direction of cut (see Fig. 6) 
to aid in production of slag which washes 
the cladding material away from the line 
of cut. The correct angle of tip can be 
determined by experimentation only, on 
account of differences in fuels and equip¬ 
ment. 

Too small an angle of tip causes flame 
impingement on the cladding without 
penetration, resulting in loss of the cut. 
When the angle of the tip is large, it is 
sometimes found that the plates will not 
be cut through completely at the finish 
of the cut. To overcome this difficulty 
the finished section of the cut should be 
preheated to a dull red which will elimi¬ 
nate the loss of cut. 

Preheat should be used at the start of 
all cuts. In thicknesses up to and in¬ 
cluding 1 /1 in., with 10% cladding, it is 
only necessary to preheat locally at the 
start using the cutting tip. In heavier 
gages, and also in the lighter gages o 
20% cladding, it is recommended that 
preheating be used at the start of a cu . 
using a regular torch. The materia 
should be preheated to a dull red. are 
should be taken, when starting a cut, tnai 
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the preheating flame does not interfere 
with the fluxing action of the backing 
steel on the cladding. With cladding of 
Monel or Inconel, it is recommended that 
the plate be preheated, manually or me¬ 
chanically, just ahead of the cutting tip 
for the entire length of cut. 


Embrittlement of straight-chromium 
cladding and carbide precipitation in 
chromium-nickel stainless (except in the 
stabilized grades) cladding, found along 
the line of cut, should be given considera¬ 
tion. The extent of the marginal heat- 
affected area into the plate along the 



Fig. 6.—Oxygen Cutting Stainless-Clad Plate 


Clean and smooth cuts can be obtained 
in all clad materials. 1 lie proper rela¬ 
tionship between tip size, gas pressure, 
speed of cutting, plate thickness and per¬ 
centage of cladding can be established by 
experimentation under operating condi¬ 
tions in the fabricating shop. 

The necessary edge preparation on the 
steel backing can be obtained by oxygen 
gouging. 

Preheating before cutting may be ad¬ 
visable with straight-chromium cladding 
if the plates are thick, or if the cladding 
percentage is high, to prevent cracking 
and lack of ductility. 


line of cut will depend on the speed of 
cutting and the plate thickness. The 
affected material should be removed by 
gi hiding or machining, if the plate can¬ 
not be subsequently annealed, to improve 
the ductility or to remove precipitated 
chromium carbides. (See Chapter 24 for 

more detailed information on oxygen cut¬ 
ting.) 

Flux-oxygen cutting, described in de¬ 
tail in Chapter 24, may be used to cut 
clad steels; oxy-arc cutting, described in 
detail in Chapter 25, may also be used. 
Clad materials are cut easily from either 
side by the above processes (see Fig. 7). 
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Fig. 7.—Cutting Stainless Clad Steel 

(Top) By flux-oxygen process. 
(Bottom) By oxy-arc process. 
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HOW TO WELD 

General 

Materials used as claddings are selected 
for their corrosion-resistant and heat- 
resistant properties. Therefore the re¬ 
tention of these properties must be con¬ 
sidered at all times. Since the weld join¬ 
ing clad plates becomes a section of the 
corrosion-resistant surface, it must not 
only provide adequate strength but must 
maintain the integrity of the clad surface. 
Clad materials are readily welded when 
proper joint designs and welding proce¬ 
dures are used. 

Processes Applicable 

Shielded metal-arc welding is generally 
employed for joining clad steel thicker 
than 18 gage. 

Atomic hydrogen welding is commonly 
used for joining silver clad and light gage 
clad metals of other compositions. 

Inert-gas metal-arc welding, using either 
argon or helium, may be used for light 
gage clad metals. 

Submerged arc welding is used on heav¬ 
ier gage metals for the steel side. 

Brazing is sometimes used on very light 
gage material. 

Gas welding is seldom used for clad 
steels and resistance welding lias had no 
application to this group of materials. 

For further information on any of these 
processes refer to the chapter covering 
that process. 

Shielded Metal-Arc Welding 

\ T o preparation, other than proper shear¬ 
ing, is necessary for butt welds in the 
lighter gage clad sheets. Wherever pos¬ 
sible, the joint should have a small root 
opening. For the thinner gages, about 18 
to 16 gage, the electrodes should be care¬ 
fully chosen and the welding done from 
the cladding side in one pass. From about 
14 to 11 gage, the weld may be made in 
two passes, the first from the clad side and 
the second from the steel side. A Va-in. 
diam. electrode is recommended. The weld 
from the steel side may also be made with 
covered steel electrodes of the same di¬ 
ameter (see Fig. 8). 

In welding the intermediate gages, from 
about 10 gage to 7.,,-in. thick plate, bevel¬ 
ing of the groove face on the steel side 
is usually recommended. However, if 
desired, sheets in this thickness range may 


be welded with square edges following the 
procedures outlined in the preceding para¬ 
graph, in which case the clad side should 
be welded first. Where it is more desir¬ 
able or economical to make a composite 
weld in this thickness range, the steel side 
should be beveled and welded first with a 
covered steel electrode (see Fig. 8). 

18 to 16 gage 


WELD FROM STAINLESS SIDE 
S/64" DIAM. STAINLESS ELECTRODE 
(25CR — I2NI OR 25CR — 20NII 


14 to 11 gage 



WELD FROM STAINLESS SIDE FIRST 
STAINLESS STEEL WELD THROUGHOUT 


10 gage to »/.« in. 



WELD FROM. STEEL SIDE FIRST 

Fig. 8.—Methods of Arc Welding Light-Gags 

Clad Steels 

After the steel weld deposit is laid 
down, the slag must be thoroughly re¬ 
moved from the clad side of the weld 
groove before attempting to weld the 
clad side. The second weld should be 
made in a single pass with a V*a-in. 
diam. electrode. 

I he preferred procedure in the welding 
of a butt joint in heavier material, up to 
17< in. thick, is described below. This 
procedure should be used on all types of 
clad materials (see Fig 9). 

Plate edges should be machined ac¬ 
curately maintaining a root face of 2 / le 
in. plus Vss, minus 0 above the cladding. 
This root face should be of uniform thick¬ 
ness. as it acts as a barrier to prevent 
contamination of the mild steel weld 
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metal by the high alloy cladding material. 

The members should then be assembled 
and the clad edges aligned. Tack welds 
should be made on the steel side with 
any good grade of carbon 'steel electrodes 
or the edges held together with suitable 
assembly devices. Good fit-up and align¬ 
ment are the most important steps in the 
production of the joint. 



CLADDING 




Fig. 9.—Sequence for Arc Welding Heavier 

Clad Steels 

The weld on the steel side is completed, 
using an electrode that will develop the 
required characteristics of the backing 
material. The root bead should penetrate 
to the bottom of the steel, but should not 
penetrate into the cladding. If this bead 
penetrates into the high-alloy cladding 
material, an extremely hard and brittle 
material lacking in ductility will be 
formed. 

Close control of the depth of penetration 
of the root bead on the steel side is one 
of the most important factors in producing 
a clad weld. This control is obtained by 
the use of a larger angle of bevel than 
used for steel welding and/or by use of 
smaller diameter electrodes. The care 
required to produce adequate, but not 
excessive, penetration of the root pass is 
more than justified when consideration 
is given to the reduced amount of back 
chipping or grinding required and the 
minimum consumption of high-alloy 
higher-cost electrodes. 

. If the cladding is penetrated by the steH 
root bead due to poor fit-up, improper 


joint design or the use of too hot or too 
large an electrode, martensite will be 
formed in the root pass. Since martensite 
is lacking in ductility, such difficulties as 
cracking, inability to back chip or a 
combination of these highly undesirable 
characteristics may result. When the 
penetration of the steel root bead is in¬ 
adequate, the area to be removed by chip¬ 
ping or grinding from the clad side will 
be excessive and large amounts of alloy 
weld metal will be required. 

Welding electrodes for the steel side 
should be selected to possess the tensile 
strength of the backing steel. When 
special backing steels are used for high- 
(molybdenum steels) or low- (nickel 
steels) temperature properties, the elec¬ 
trode composition should be of the same 
analysis, or one that will produce the 
required properties. 

^ When welding in the flat position, 
E6020 or E6030 electrodes should be used. 
The root bead should be welded with 
proper current and a rather high rate of 
travel to control penetration. In the 
vertical or overhead position, E6010 or 
E6011 electrodes should be used. Care 
should be taken to obtain proper pene¬ 
tration of the root bead. 

Good fit-up is the most important factor 
in the successful welding of clad steels. 

In cylindrical vessels, where heads are to 
be attached, it is important that the plates 
be laid out to match the inside diameter 
of the heads. Spun heads thicken up on 
the straight flange section and the thick¬ 
ness is not predictable. For this reason, 
it is necessary to check the individual 
heads and match the shell plates to them. 

If the fit-up is poor, E6013 electrodes 
should be used in all positions to reduce 
penetration and danger of pickup of the 
cladding material. 

Suggested current ranges for the dif¬ 
ferent electrodes used in welding the 
steel side are shown in the chart below. 


Current, Amp. 


AWS 

Type 

E6010 

E6011 

E6012 

I 

E6020 

E6030 

Current 

and 

Polarity 

DC., 

Rev. 

A.C. 

D.C., 

Str. 

or A.C. 

DC., 

Str. 

or 

Rev. 

A.C. 

or 

D.C. 

Electrode 

Diain. 

H | 

I 

He 

H 

He 

80-120 

120-160 

140-220 

200-300 

250-400 

90-130 

120-180 

140-220 

200-300 

250-400 

110-150 

130-190 

180-230 

250-330 

350-450 
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The high side of the range may be used 
for flat or horizontal welding, while the 
medium values should be used for verti¬ 
cal welding. (Refer to Tables 3, 4 and 
5.) 

Chipping or grinding, or both, can be 
used to prepare the clad side of the joint 
after the steel side has been welded. 


wheel. Normally, on clad plates up to 
Va-in. thick, a 1 / 8 -in. thick, 6-in. diam. 
wheel is used for the initial cut. After 
the groove is ground to the required 
depth, a V«-in. thick, 6-in. diam. wheel 
is often used in order to open up the 
top section of the groove and provide 
adequate space in which to manipulate 


Table 3—Procedures for Welding Steel Side in Flat Position 




Single-Vee Groove Welds 




—Single Vee— 


x 

M2 

H 

M 2 

X 
M 2 

..Ha 

Me or A 

M 2 

Me or X 

M 2 

X or Me 


Single U 


Elect. Diam., In. Passes Elect. Diam., In 


1 

2-6 

1 

2 & 3 
Bal. 

1 

2 & 3 
Bal. 


M2 

1 " 


>• 1 

M2 

A 

A or y X6 


A 


/H 2 

A 
A or 


Material Thickness, 

In. 

Angle, 

A 

n 

• 

Passes 

A 

45 

• • 

1 

O 

** 

H 

45 

• • 

1 

2 & 3 

X 

45 

• • 

1 

2 & 3 

H 

35 

10 

1 & 2 
Bal. 

] 

30 

10 

1 & 2 
Bal. 

IX 

30 

10 

1 & 2 

3 & 4 
Bal. 

1 M 

• • 

10 

• • • 

2 

• • 

10 

• • • 


It is necessary to chip or grind down 
to clean sound weld metal prior to any 
alloy welding. This removes the unfused 
area that would act as a stress raiser 
and also removes the slag remaining 
from the backing steel weld that might 
gasify upon application of the alloy beads 
and produce porosity. 

When grinding the clad side, it is 
customary to use a high-speed cut-off 
wheel. It is often advantageous to chip 
a light groove to provide a guide for the 
grinding wheel, as the high speed of the 
grinder has a tendency to throw the 


M 2 

l A 

A or Me 

M 2 

l A 

A or Mo 


the welding electrode. On heavy clad¬ 
ding, a V«-in. thick wheel should be used 
[or the first cut, followed by a 8 /s- or 
/ 2 -in. thick wheel to provide adequate 
width of groove. Extreme care should 
be taken when grinding to assure that 
sound metal lias been exposed. The high¬ 
speed grinding operation tends to smear 
the metal and hide unfused sections. 

. ^ 1C question has arisen regarding weld¬ 
ing of the clad side first in order to 
prevent pickup of the steel backing mate¬ 
rial by the alloy welding metal. This 
procedure generally results in hard, brit- 


1 

2 & 3 

Bal. 

1 

2 & 3 
Bal. 
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tie steel weld metal, as the alloy weld 
metal and cladding material are picked 
up by the steel weld metal. The amount 
of pickup will range from 10 to 40%. 
W hen mild steel is welded on high-alloy 
material the cooling rates will result in 
a hard brittle material. When an alloy 


clad side, taking care to prevent pick-up 
or penetration of the cladding. 

The width of the chipped or ground 
groove should be held to approximately 
the dimensions shown below. If the 
depth of the groove is excessive, due to 
lack of penetration in the steel side, the 


Table 4—Procedures for Welding Steel Side in the Horizontal Position 



"-Angle, deg.-* '-Single Vee-* .-Single U-. .-Single J-• 

Material lilect. Elect. Elect. 

Thickness, Diam., Diam., Diam., 

hi. A II C Passes In. Passes In. Passes In. 


H 45 .. .. i y 8 

2-3 

% 45 .... i y 8 

2-3 


v* 

40 

• • 

30 

1 

H 2 

• • 


1 

Hi 





2-5 

He 



2-4 

He 

y 

30 

22 H 

30 

1 

Hi 

1 

^32 

1 

Hi 





2-15 

He 

2-10 

He 

2-7 

He 

i 

30 

22 H 

30 

1 

Hi 

1 

Hi 

1 

Hi 





2-21 

He 

2-15 

He 

2-11 

He 

\y 

30 

22H 

30 

1 

Hi 

1 

Hi 

1 

Hi 





2-27 

He 

2-21 

He 

2-16 

He 


• • 

22^ 

30 

• • 

• • • 

1 

Hi 

1 

Hi 







2-28 

He 

2-22 

He 

l V\ 

• • 

22 y 

30 

• % 

• • • 

1 

2a 2 

1 

Hi 







2-36 

He 

2-29 

He 

2 

• • 


30 

• • 

• • • 

• • 

• • • 

1 

Hi 









2-37 

He 


is welded on steel, however, the deposited 
weld metal will be soft and ductile. 

The depth of the chipped or ground 
groove is controlled by the extent of the 
unfused root face. When proper welding 
procedures are coupled with good work¬ 
manship the depth of the groove below 
the cladding should not be more than 
Vio-in. or one-half the cladding thickness 
in heavy-gage plates. Copper sulfate- 
hydrochloric acid solution may be used 
in the chipped or ground groove to de¬ 
termine whether the unfused area has 
been removed. 

If the depth of the groove is excessive, 
a steel bead may be applied from the 


width should be increased proportionately 
to allow electrode manipulation. 

^—Width of Groove, In.-—' 
Plate Thickness, In. 10% Clad 20 % Clad 

3 /ie to V2 Vi Vi* 

9 /io to 1 3 /s V2 

1 and up Va /» 

The edges or shoulders of the groove 
should have generous radii to permit 
proper fusion, to prevent entrapment of 
slag and to overcome undercuts of the 
clad surface. For horizontal welds the 
bottom edges of the groove can be 
squared off to give an adequate shelf. 

IVeldmg Clad Side .—The clad side of 
the joint is welded last using the elec- 
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trodes recommended for the different 
types of cladding (see Table 6). 

Selection of electrodes for the clad side 
is of prime importance in order to main¬ 
tain continuity of corrosion-resistant sur¬ 
face. In addition, the welded joint must 
have the required strength. Certain ele- 


the rate of transfer may change due to 
current, speeds, electrode coating and 
other factors. 

Current and Voltage .—Narrow ranges 
of current and voltage are required for 
alloy electrodes. These ranges are criti¬ 
cal and the recommendations of the manu- 


Table 5—Procedures for Welding Steel Side in Vertical Position 




Single Vee 



Material 

rhicknehs, 

In 


H 



1 


Hi 

14 




Angle, 

A 

deg. 

u 

_ 


Passes 

' * '« 11 I v. V t v. ■ \ 

Elect. Diain., In. 

4 .) 

• • 

1 

4 



2 

Ha 

45 

• • 

1 

Vh 



2-3 

Ha 

45 

• 

1 

Vs 



2-3 

Hi 

35 

10 

1 

H 



2-4 

He 

30 

10 

1 

■ 5 ' 6 2 



2-8 

He 

30 

10 

1 

H 2 



2 10 

He 

• • 

10 

• • 

• • • 

• # 

10 

• - 

• • # 


10 




Passes 


Single U- 

Elect. Diain., In 



ments are lost in the arc, and the transfer 
efficiency of oxidizable elements depends 
on the electrode coating. Both lime and 
titania coatings are available for the 
straight-chromium and chromium-nickel 
stainless steels, but lime has a better 
recovery rate than titania. Approximate 
loss of elements during welding with 
stainless electrodes is illustrated below. 


Element 

Chromium 

Nickel 

Columbium 


% in Electrode % in Weld Metal 

19.00 17-18.00 

9.00 9.00 

1-30 0.90-0.95 


These figures for the 18-8 type steels 
must be regarded as typical examples, as 


tacturer should be followed. The current 
ranges listed ( Table 7) may not cover all 
the brands of high-alloy electrodes pro¬ 
duced, but will serve satisfactorily as a 
Kuide for most of them. The higher 
limits of the range should be used in the 
Hat or horizontal position, while the lower 
side of the range applies in the vertical 
and overhead positions. 

Because of the high electrical resistance 
of alloy wire, electrodes become white 
hot if excessive currents are used. This 
will cause the coating of the electrode 
to flake off and porous welds will result 
If the current is too low, the metal freezes 
before complete slagging has taken place, 
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or lack of penetration may result. The 
voltage range is restricted, and a short 
arc should be held to conserve the oxidiz- 
able elements. 


itic electrode in order to eliminate the 
brittle characteristics of straight chromium 
weld metal. Austenitic chromium-nickel 
electrodes of the 25-20 or 25-12 analysis 


Table 6—Welding Electrodes—Clad Side 


Cladding 

Type 

Cover Exposed 
Steel with 

1st Pass or Layer 

Complete Balance 
of 

Weld with 

Alloy to .Steel 
(Welds Not Exposed 
to Corrosion) 

40.3 

2.3-20, 2.3-12, 18C- a 

25-20, 25-12, 18C' a 

25-20, 25-12 

410 

25-20, 2.3-12, 18Cr a 

25-20, 25-12, 18Cr a 

25-20, 25-12 

14-lGCr 

2.3-20, 2.3-12, 28C' a 

25-20, 25-12, 18C-° 

25-20, 25-12 

430 

2.3-20, 2.3-12, 28Cr a 

25-20, 25-12, 18Cr a 

25-20, 25-12 

301 

25-20, 25-12 

25-20, 25-12, 19-9 

25-20, 25-12 

302 

25-20, 25-12 

25-20, 25-12, 19-9 

25-20, 25-12 

30 4 

25-20, 25-12 

25-20, 25-12, 19-9 

25-20, 25-12 

308 

25-20. 25-12 

25-20. 25-12, 19-9 

25-20, 25-12 

321 

25-20Cb, 25-12Cb 

25-20Cb, 25-12Cb, 19-9Cb 

25-20, 25-12, 25-20Cb, 25-12Cb 

347 

25-20Cb, 25-12Cb 

25-20Cb, 25-12Cb, 19-9Cb 

25-20, 25-12, 25-20Cb, 25-12Cr 

309 

25-20 

25-20 

25-20, 25-12 

310 

25-20 

2.3-20 

25-20,25-12 

316 

25-20Mo, 25-12Mo 

25-20Mo, 25-12Mo, 19-9Mo 

25-20, 25-12, 25-20MO, 25-12Mo 

"L” Nickel 

Monel c 

Nickel 

Nickel 80Ni-20Cr, 25-20Cb, 25- 
12Cb 

Nickel 

Nickel, 80Ni-20Cr& 

Nickel, 80Ni-20Cr*> 

Nickel 80Ni-20Cr, 25-20, 25-12 

Monel 

Nickel 

Monel 

Nickel 

Inconel 

80Ni-20Cr 

80Ni-20Cr 

80Ni-20Cr, 25-20, 25-12 


a Must be used undei certain corrosive conditions. 
b May be used under certain corrosive conditions. 

c When special electrodes are not available, a nickel root layer should be deposited. 


Alloy electrodes are generally used with 
d.c., reverse polarity (electrode positive- 
work negative). This results in faster 
melting of the electrode and less heat 
input into the steel backing plate, avoid¬ 
ing excessive penetration of the backing 
material. High-alloy a.c. electrodes are 
also available. 


Table 7—Recommend 

Alloy Elect 

ed Current 
rodes. Amp 

Ranges for 

• 

Electrode 

Diameter, 

In. 

Chromium 
Steel 
and Pure 
Nickel 

Chromium- 
Nickel 
Steel and 
Monel 

Inconel 
and 80 
Nickel-20 
Chromiu m 
Steel 

y* 

90-130 

70-105 

80-100 

^2 

125-170 

100-140 

110-140 

Me 

100-210 

130-180 

140-160 

X 

200-300 

240-400 



Straight Chromium Cladding 

Some corrosive conditions may require 
welding a straight chromium cladding with 
straight chromium electrodes. Contami¬ 
nation or dilution of the weld metal by 
pick-up of the backing steel may be elimi¬ 
nated or guarded against by the use of 
an electrode containing higher chromium 
than the cladding material, or by using 
a number of successive, thin layers of the 
same analysis as the cladding. (Fig. 10 
shows welding procedures.) 

It is general practice to weld straight- 
chromium-clad materials with an austen- 


are normally used. This type electrode 
eliminates the hard, brittle structure and 
the large grain size encountered in straight 
chromium weld metal. However, it does 
not eliminate the brittle structure in the 
heat-affected zones of the base plate. A 
stabilized austenitic electrode should be 
used if the weldment is to operate in the 
carbide precipitation temperature range, 
or if stress-relief heat treatment is re¬ 
quired. Austenitic electrodes have a 40 
to 60% higher coefficient of thermal ex¬ 
pansion than straight chromium material, 
and the location of joints and the nature 
of restraint should be given consideration 
when the weldment is to operate over a 
wide range of temperatures. The possi¬ 
bility of galvanic action due to the pres¬ 
ence of a more noble metal should also be 
considered from a corrosion standpoint. 
(Figure 11 shows welding procedures to 
be used.) 

Type 405 .—This material has a small 
percentage of aluminum added to alleviate 
the air-hardening tendencies of the basic 
alloy. Preheating is not required unless 

heavy gages are to be welded. 

Types 410 Modified and 430 Modified.— 
These materials are somewhat brittle in 
the as-welded condition. Type 410 has 

pronounced air-hardening characteristics 
unless of the low-carbon grade.. Type 
430 has a tendency toward brittleness 
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associated with grain growth. These 
materials may be preheated to 300-400 °F., 
and should be held at that temperature 
range during welding. Such preheating 
may be done at the weld zone, the weld¬ 
ment being stress relieved immediately 
following welding and prior to cooling. 

Austenitic Cladding. 

Consideration of dilution or contami¬ 
nation of alloy weld metal caused by pick¬ 
up of iron from the steel backing plate is 
important from a corrosion standpoint. 
Dilution can be controlled by using a 
higher alloy electrode than the cladding 
alloy or by depositing thin layers of the 
same alloy as the cladding. The most 
common procedure is to deposit the root 
bead with 25—20 or 25—12 electrodes and 
to complete the weld with electrodes of 
the same composition as the cladding. 
(Figures 12 and 13 show welding proce¬ 
dures to be used.) 

7 yf>es 301 and 302. —Because of the 
high-carbon content and the danger of 
carbide precipitation, these materials are 
seldom used for severely corrosive condi¬ 
tions. However, they are often employed 
for architectural or decorative purposes 
where corrosive conditions are not severe. 
As these applications are generally in the 
lighter gage materials, it is customary to 
weld them with a 25-20 or 25-12 elec¬ 
trode throughout their composite thick¬ 
ness. 

Type 304 Modified and Type 30S .— 
These materials are usually welded with 
a root pass of 25—20 or 25—12, followed by 
succeeding deposited layers of 19-9 elec¬ 
trodes. 

Types 321 and 347 Modified.— 1 These 
materials are welded with columbiuin- 
bearing electrodes, as titanium is oxidized 
in the welding arc. The root pass is 
generally made with a 25-20 Cb or 25-12 
Cb electrode, followed by layers of 19-9 
Cb. Due to crack sensitivity sometimes 
found with the 25-20 Cb or 25-12 Cb, in 
some cases a root pass of 25-12 or 25-20 
is used before depositing metal from a 
stabilized electrode. 

Type 309. —This material is welded 
throughout with 25-20 electrodes (see 
Fig. 13). 

Type 310. —This material, in light clad¬ 
ding thicknesses, is welded throughout 
with 25-20 electrodes. As a result of dilu¬ 
tion, half the thickness of the root bead 
must be ground off before the succeeding 
layers are deposited (see Fig. 13). 


Type 316 Modified.—It is customary 
to make the root pass of this material 
with 25—20 Mo or 25—12 Mo electrodes 
and succeeding layers with 19-9 Mo elec¬ 
trodes. When severely corrosive condi¬ 
tions are to be encountered or stress-re¬ 
lief treatment is to be given, Type 316 
with 0.03% max. carbon or Type 316 
columbium-stabilized clad material should 
be used with electrodes containing 
molybdenum. 

Nickel. —Nickel is one of the few pure 
metals commonly used for cladding. (See 
Fig. 14 for welding procedures to be 
used.) Under certain corrosive condi¬ 
tions the iron content of the nickel weld 
must be held to extremely low values. 
However, in the majority of applications, 
a severe limitation on iron content is not 
required as the nickel-iron solid solutions 

corrosion-resistant. 

Stringer beads from small diameter elec¬ 
trodes should be used. Where iron pick-up 
is to be held to a minimum, the top half 
of the root bead should be chipped or 
ground off before the succeeding layers 
of weld metal are deposited. T he greater 
the number of layers of nickel weld metal, 
the lower the iron content will be in the 
top layer of weld metal. 

The 80 nickel-20 chromium electrodes 
are used under certain corrosive conditions 
to weld steels with a nickel cladding, as 
the chromium compensates for iron pick¬ 
up and the weld is cathodic to the nickel 
surface. The 80-20 alloy plus iron on 
steels with a nickel cladding produces a 
composition similar to Inconel (78 Ni, 

14 Cr, 6 I*e). (See Fig. 15 for welding 
procedures to be used.) 

Inconel. —All weld layers should be de¬ 
posited with 80 nickel-20 chromium elec¬ 
trodes to compensate for iron pick-up or 
dilution (see Fig. 15). 

Monel.— The Monel side of Monel-clad 

steel should be welded with a Monel 

electrode specifically developed for that 

purpose, or for the overlaying of Monel 

on steel. If the special electrode is not 

available, an underlayer of nickel must be 

employed to cover the steel exposed by 

chipping or grinding as otherwise a hot- 

short or brittle condition might result 

from the formation of a copper-iron alloy. 

(See Fig. 16 for welding procedures to 
be used.) 

Cupro-Nickcl. This material is com¬ 
monly welded with a 70 nickel-30 copper 
electrode using multiple layers to over- 
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Position 


% to '/? incl. 
10% clo*d 


V* to Vi incl. 
20% clod 

9 /i6 to 1 incl. 
10% clod 


9 /i6 to 1 incl 
20% clod 

1 Ve and up 
10% clad 


I Vq ond up 
20% clad 


Flat 


Passes 


Elect. Diam 


Va Vs-Vv 


1 & 2 


5 /32 


1 to 4 


5 /32 


1 to 5 


5 /32 


Horizontal 


Passes 


Elect. Diam 


1 to 4 


Va 


1 to 2 3to 4 or 5 1 to 3 4 to 6 or 7 1 to 7 or 8 

%2 % 


Vertical 


Passes 


Elect. Diam. 


Vq Ve or V32 


1 & 2 


1 & 2 


5 /32 


1 & 2 


5 /32 


Overhead 


Passes 


Elect. Diam. 


1 & 2 


Vq 


1 to 3 


5 /32 


1 to 6 


5 /32 


Note: Root layer should be ground in multiple-pass welds. 


1 to 10 


V32 


Fig. 10.—Procedures for Welding Straight Chromium Cladding with Straight Chromium 

Steel Electrodes 
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Noth: Root layer should be ground in multiple-pass welds 
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Fig. 12.—Procedures for Welding 18-8 Claddings with 25-20 or 25-12 Cr-Ni Electrodes 
































CLAD STEELS 


821 



Noth: Root layer should be ground in multiple pass welds. 


Fig. i3.—Procedure, for Welding 25-12 or 25-20 Gladding, with 25-20 Electrodes 






















822 


METALS 


Position 


Passes 


Elect. Diam. 


Horizontal 


Passes 


Elect. Diam. 


Vertical 


Passes 


Elect. Diam 


Overhead 


Va to '/2 incl 
10% clod 


1 to 3 


Vs 


1 to 4 or 5 


Vs 


1 & 2 


Vs 


Va to »/2 incl. 
20% clod 

?/i6 to 1 incl. 
10% clad 


Vi6 to 1 incl. 
20% clod 

I Vs and op 
10% clad 


1 Vb and up 
20% clad 



1 to 4 


Va 


1 & 2 4 »o 7 


Va */32 


lto 5 or 6 


Ve 


1 to 9 


Vb 


1 & 2 


Vb 


1 to 3 


Vb 


Passes Mo 3 Mo 6 Mo 7 


Elect. Diom. |_ Vs V 32 V 32 


Note: Root layer should be ground in multiple pass welds. 


1 to 8 


•%2 



1 to 15 or 16 


Vb 



1 to 3 


Vb 



1 to 11 


5 /32 


Fig. 14.—Procedures for Welding Nickel Claddings with Nickel Electrodes 
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f'*g. IS.—— Proc#du 


for Welding Nickel or Inconel CUdding. with Nickel-Chromium Electrodes 
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Fig. 16.—-Procedures for Welding Monel Claddings with Monel Electrodes 
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come iron pickup or dilution. Monel 
electrodes are used in many cases. The 
root pass should be made with nickel 
electrodes as in the case of Monel-clad. 

Welding */is-In. Clad Steels. —The three 
methods commonly used to weld light-gage 
clad materials are detailed below. It is 
recommended that 20% cladding be speci¬ 
fied for 7w-in. material to provide suffi¬ 
cient cladding to give adequately cor¬ 
rosion-resistant welds. (For commercial 
fabrication, 0.030-in. cladding thickness is 
suggested as minimum.) 


A 


L- ' i - n 

6 



C 


Fig. 17.—Edge Preparation for Welding Vu-In. 

Clad Steel 

Figure 1 7A illustrates the most com¬ 
monly used edge preparation for welding 
light-gage material. The plate is beveled 
approximately 60 deg. on the steel side 
and is welded in the usual manner. Fig¬ 
ure 1 IB illustrates the method used where 
unfused areas will not be detrimental. 
This type of joint is often used for tanks 
that are thoroughly braced or stayed. 
1 he plates should be fitted together tightly 
and the steel side should be welded first, 
using a 7.- or V»-in. diam. E6012 or 
E6013 electrode to prevent excessive pene¬ 
tration. The clad side is then welded, 
using a 7**in. diarn. alloy electrode at a 
rapid rate of travel. 

1'igure 176 illustrates the use of a copper 
backing strip for welding light-gage ma¬ 
terials. 1 he groove in the copper backing 
strip should be approximately 7»-in. wide 
by 7«-in. deep. The plates should be 
spaced with a 7«-in. root opening and the 
joint welded throughout with a 7*-in. 
diam. alloy electrode. 

Blind Joints .—In many structures, 
joints are found that necessitate the weld¬ 
ing of clad material throughout its com¬ 
posite thickness from one side only, 
hither of two methods may be used when 
this situation is encountered. 

The use of a copper backing strip as 
shown in Fig. 18.4 is suggested when ade¬ 
quate clearance is available. When the 


clad surface is on the inaccessible side, 
it is necessafy to weld the entire cross 
section of the joint with alloy electrodes. 
Root beads (thickness of the cladding) 
should be deposited using the electrodes 
listed in Table 6, Column 3. The balance 
of the weld should be completed using 
the electrodes listed in Table 6, Column 
4. When the steel section is on the in¬ 
accessible side, steel welding electrodes 
may be used within 7s or 7ia in. of the 
clad line and the joint may then be com¬ 
pleted with an alloy electrode, as listed 
in Table 6, columns 2 and 3. 

Backing strips are also used in the 
type of joint illustrated in Fig. 18/?. 
When the clad material is on the in¬ 
accessible side, a backing strip of the 
same analysis as the cladding must be 
used. This strip is attached to one of 
the plates by a fillet weld and alloy 
weld metal deposited on this strip as 
noted above. In this case, alloy weld 
metal must be used throughout the joint. 
When the clad surface is exposed, a 
steel backing strip suffices and steel elec¬ 
trodes may he deposited within 7w or 7„ 
in. of the cladding, followed by alloy elec¬ 
trodes as listed in Table 6. 




Fig. 18. Edge Preparation for Blind Joints 

Comer Joints .—Figure 19 illustrates 
various types of corner joints commonly 
encountered in clad steel fabrication. It 
is strongly suggested that whenever facili¬ 
ties and design permit, corner joints be 
eliminated and a formed section as shown 
m big. 19/i, be used. This type of con¬ 
struction permits a butt joint which is 
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more desirable from both fabrication and 
structural standpoints. If this type of 
construction is used, the straight flange 
section should extend as far as possible 
beyond the corner so that adequate clear¬ 
ance is provided for manufacturing pur¬ 
poses. Table 6 indicates the proper type 
of electrode to use when welding the 
clad side of various corner joints. 


side throughout with steel, back-chip from 
the inside and weld with the appropriate 
alloy electrode. 

The types of joints shown in Figs. 
19C and 19 D should be welded through¬ 
out with alloy electrodes. After welding 
the clad side, the steel side should be 
back chipped or ground and welded with 
alloy electrodes. 



Fig. 19.—Typical 
Corner Joints for 
Clad Steels 



Fig. 20 .—Typical 
Tee Joints fcr 
Clad Steels 



Fig. 21.—Typical 
Lap Joints i^r 
Clad Steels 


The type of joint shown in Fig. 19 A 
can be used on unstressed or heavily 
supported structures. The outside should 
be welded with a large diameter steel 
dlectrode to dissipate and dilute the 
pickup of clad material. If desired, an 
alloy electrode may be used to weld the 
outside of the joint. The inside of the 
joint should be welded with the appro¬ 
priate alloy electrode. This type of 
joint has an undesirable unfused area. 

The type of joint shown in Fig. 19 D 
may be welded in either of two ways. The 
clad side may be welded first with the 
appropriate alloy electrode, followed by 
back-chipping the outside and welding 
the balance of the joint with alloy elec¬ 
trodes. 

The second method is to weld the steel 


Tee and Lap Joints .—The types of tec 
and lap joints commonly used in clarl 
steel fabrication are shown in bigs 20 
and 21. 

Double-Vee- or U-Groove Butt Joints.- 
When double-vee- or U-groove butt joints 
are used on heavy-gage clad materials, it 
is suggested that the center-line of the 
bevels be offset to favor the clad side as 
illustrated in Fig 22. T his will result in 
the use of lower amounts of alloy we 
metal. 

Welding Double-Clad Steels 

Two methods are in general use for 

welding double-clad steels. 

The first and more commonly usee 

method is to use the standard vee or U 
groove as encountered when welding 
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single-clad material. The steel portion is 
welded with the appropriate steel elec¬ 
trodes within approximately Vie to V a in. 
of the clad line, followed by welding with 
corrosion-resistant material. The un¬ 
welded clad surface is then back chipped 
and welded in the same manner as a 
single-clad plate. 



Fig. 22.—Edge Preparation for Double-U 

Groove Weld 

On heavy-gage plates a double-vee or 
U preparation can be used. The steel sec¬ 
tion may be welded with the appropriate 
steel electrodes within 7«« to l /„ in. of the 
clad line. 1 he balance of the joint can 
then be completed with the appropriate 
corrosion-resistant electrodes. 

Cover Strips for Clad Welds 

Strips of corrosion-resistant metal are 
occasionally applied over welded joints 
on the clad side as an added protection for 
some corrosive service (see Fig. 23). 
The lining material should be of the 
same type as the cladding. The minimum 
lining thickness should be 0.050 in. in the 
interest of fitting and welding. Thickness 
of the strip should never be less than the 
thickness of cladding. Exact thickness 
and size depend on design and the nature 
of service. For welding electrodes, refer 
to Table 6. Column 3. 

Arc Welding .—For strips up to 0.150-in 
thick, V»-in. diam. electrodes should be 
used, while 7»-in. diam. electrodes may 
be used with thicker strips. Welding 
procedures should provide the minimum 
adequate penetration of weld metal into 
exposed steel or clad material. Weld 
metal analyses or welding procedure 
should be such as to compensate for any 
dilution. 

Inert-Gas Metal-Arc Welding.— Use of 
argon or helium-shielded metal-arc weld¬ 
ing has been limited to application of 
strip covers over welded clad joints. 
This technique may be used on all clad 
materials except nickel, but care must be 
taken to provide minimum, but adequate 
penetration. The weld may be made 
without addition of filler metal in most 


cases. High purity helium must be used 
on Monel claddings. 

Overlays of Alloy on Ferrous Material 

In general, overlays of alloys on ferrous 
material cover small areas such as flanges 
and nozzle faces. Welding conditions 
must provide adequate but minimum pene¬ 
tration of the alloy weld metal in the 
steel. The first layer of alloy should be 
applied with a Vs-in. diam. electrode at 
normal amperage. Dilution can be con¬ 
trolled by directing the arc against the 
back of the weld. For Monel, an inter¬ 
layer of nickel weld metal is recom¬ 
mended, when special electrodes developed 
for this type of work are not available. 
The second and succeeding layers may 
be applied, using Va-in. or 7sa-in. diam. 
electrodes, depending on the area to be 
covered and thickness of backing metal. 
Analyses of electrodes used are shown in 
Table 6. 


Alloy Strio 



Fig. 23.—Cover Strips for Clad Plates 

Submerged Arc Welding .—Care must 
be taken in selection of proper welding 
conditions to insure successful fabrication 
of clad steels by submerged arc welding. 
This type of welding can penetrate deeply 
and fuse a large portion of base metal to 
mix it with welding electrode. This fact 
must be given consideration in welding 
lK)th steel and alloy sides of clad mate¬ 
rial. 

Hacking steel for submerged-arc weld¬ 
ing should be fully killed material, such 
as ASTM A-201, to produce satisfactory 
welding with the high heat input em¬ 
ployed with this process. 

Extreme care must be taken to prevent 
any penetration of steel weld metal into 
the cladding. The plate should be given 
the conventional preparation on the steel 
side, with the exception that a root face 
of */as-in. min. thickness should be left 
above the surface of the cladding. One 
or two beads of steel weld metal should 
be deposited manually to provide a back- 
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ing for the submerged-arc weld and to 
prevent penetration of the cladding with 
resulting alloy pickup. 

As an alternative, the plate may be 
prepared with the conventional groove for 
automatic welding and the cladding may 
be stripped back not less than V« in. on 
each side. A large root face of steel must 
be provided for backing of the automatic 
weld. 

When welding the clad side, the groove 
should be chipped, ground or machined 
down to clean, sound steel weld metal. 
Width and depth of this groove should 
be held to a minimum to prevent excessive 
dilution of alloy weld metal by steel back¬ 
ing. 

Because of the normal high penetration 
of the submerged-arc welding process, it 
is suggested that alloy weld metal be de¬ 
posited in two or more layers when it is 
not possible to compensate for dilution by 
using a higher alloy welding wire. Pro¬ 
cedures resulting in a minimum amount of 
penetration must be used. All alloy 
layers except the last pass should be 
lightly ground or chipped to assist in re¬ 
ducing iron content of the finished weld. 
As a result of the amount of penetration 
obtained with automatic welding processes 
and the small thickness of alloy cladding 
in relation to the overall thickness of the 
clad material, the clad side is generally 
manually welded. (See Chapter 13 for 
further information on submerged arc 
welding.) 

Preheating for Welding Clad Steels 

Preheating lowers the temperature dif¬ 
ferential between the backing plate metal 
and the weld metal. It helps prevent 
cracks in both weld and backing plate 
metal and reduces shrinkage stresses and 
distortion. Preheating for welding is not 
required if the material is of light gage 
or the weldment of simple design. A 
preheat of 300 to 400° F. should be used 
if the backing plate metal is high in 
tensile strength, if the plates are heavy 
gage or if the weldment is of rigid design. 

Preheating may be required for the 
welding of all straight-chromium stainless 
clad steels except Type 405. Type 410 is 
martensitic and susceptible to small 
changes in carbon content. It is of a 
pronounced air-hardening nature unless 
the carbon content is less than 0.08%. 
The balance of straight-chromium clads 
(14—16 Cr, 16-18 Cr) are brittle in the 


as-welded condition and should be pre¬ 
heated. 

These materials should be heated to 
300 to 400 °F. and held at that temperature 
range during welding. Preheating may be 
done locally at the weld zone. After 
welding has been completed, the structure 
should be annealed before complete cool¬ 
ing occurs. 

Weld Defects 

Corrosion-resistant properties required 
of the clad surface and mechanical proper¬ 
ties specified for welds and welded joints 
demand a high-quality weld. Defects 
regarded as of little importance in or¬ 
dinary mild steel fabrication may be of 
major concern in clad or solid corrosion- 
resistant materials. Incorrect joint prep¬ 
aration and fit-up result in a tendency 
to produce many of the common defects. 
Departure from correct procedures will 
result in welds of poor mechanical and 
chemical properties. 

Undercutting of the clad surface will 
reduce fatigue strength and may reduce 
the thickness or eliminate the protection 
of the cladding. For example, a V«-in. 
thick, 10% clad plate has 0.025-in. clad¬ 
ding. If this is undercut to any appreci¬ 
able extent, the corrosion-resistant serv¬ 
ice life is reduced or lost altogether. All 
undercut sections should be covered with 
weld metal. 

Inadequate penetration and incomplete 
fusion of the weld metal will have a 
tendency to initiate cracks at the unfused 
area and will also, in extreme cases, 
coupled with additional defects such as 
undercuts, offer a channel for corrosive 
materials. 

Porosity occurring in clusters in the 
weld at the start of a new electrode may 
be caused by excessive current, instability 
of the arc, insufficient slag removal, damp 
electrodes, improper groove preparation, 
improper electrode manipulation or poor 
electrode coating. As porosity below the 
weld surface will act as a stress raiser 
and porosity on the weld surface will be 
a focal point for corrosion, this condition 
should be avoided. 

Some electrodes give trouble at the 
start of a pass due to nonmetallic inclu¬ 
sions found in clusters or groups. This 
may be overcome by starting the pass on 
top of the preceding pass and burning 
off approximately 1 in. of electrode before 
starting the weld. Excess metal on top 
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of a pass can be chipped or ground off. 
Dead shorting the electrode on a copper 
bar for a brief time prior to welding has 
proved helpful in some cases. 

Stress-Relief Heat Treatment 

Some pressure vessels, weldments to be 
machined, structures with widely different 
sections, weldments of high hardenability 
and high-alloy material are examples of 
materials and structures that should be 
given a stress-relief treatment. Many 
codes and specifications require that 
welded structures of certain materials and 
proportions be stress relieved after weld¬ 
ing. 

The range of temperatures used for 
stress relieving mild steel is 1100 to 
1250° F. A temperature of 1200 to 
1250° F. produces the greatest amount of 
carbide precipitation in austenitic stain¬ 
less steel. Therefore, these materials 
should not be heated up to a normal stress- 
relief temperature unless the carbon con¬ 
tent is extremely low or the material has 
been stabilized with titanium or colum- 
biurn. Type 321 (stabilized with tita- 


ing. The same treatment may be used 
for Type 430. These materials are at 
times given an annealing heat treatment 
following welding as noted in Table 2. 
The annealing treatment, while given 
primarily to insure high ductility in the 
weld metal and the heat-affected zone, 
will act to relieve internal stresses. Type 
405 is ferritic and not subject to excessive 
hardening. However, areas adjacent to 
the weld may be brittle and the vessel 
should be heated at 1150 to 1200°F., after 
welding. (Chapter 43 contains further 
information on stress relief.) 

FINISHING 

Many applications require that the weld 
surface be ground flush or that ripples be 
removed. Preliminary grinding is gen¬ 
erally done with rubber or bakelite bonded 
aluminum oxide wheels of 16 to 36 grit. 
The wheel should be free-cutting and 
generally operates at rim speeds from 5000 
to 6000 linear feet per minute. Recom¬ 
mendations of wheel manufacturers should 
be followed regarding grinding speeds. 



Fig. 24.—Process Vessels of 20% Monol-Clad Stool 


nimn), Type 347 (stabilized with colum- 
bium) and Types 316 and 304 with 0 03% 
C max. can be given a normal stress-relief 
heat treatment without danger of ex¬ 
cessive carbide precipitation. If the struc¬ 
ture or service is such that a stress-relief 
heat treatment is required, one of the 
stabilized or low-carbon claddings should 
be used. I* or some services, precipitated 
carbides are of no significance and may 
be disregarded. 

1 yj>e 410 stainless is martensitic and 
will harden at slow rates of cooling un¬ 
less of the low-carbon grade. It may be 
preheated to 300°F. minimum and given 
a stress-relief treatment following weld- 


Edges of the wheel should be rounded 
and grinding should proceed along the 
bead, care being taken not to tilt the 
wheel. A 3 /i 0 -in., 10% clad plate has 
only 0.01875 in. cladding, and a tilted 
wheel will soon cut through or seriously 
reduce the thickness of cladding. The 
wheel should be allowed to ride the work 
in the interest of efficiency and should not 
be held too long in any place because of 
danger of overheating the clad surface. 

400 a °F tinting Wil1 a l ) l )Car at approximately 

Where finer finishes are required than 
produced with a 36 grit it is customary to 
use 40 to 60, or finer, grit wheels. If it 
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is necessary to match a No. 4 plate finish, Sandblasting .—No special technique is 

the weld should not be ground level with necessary to sandblast clad plates. Sand 
the plate or a depression may appear should be iron-free and clean. The blast 
when buffing. should not be allowed to dwell on any 

The diameter of the wheel should be area too long as local erosion and surface 

small and the wheel should be used only irregularities will result. The scales 

for alloy work. formed on stainless steel are tenacious 

Buffing and Polishing .—In buffing and and may be quite impervious to normal 

polishing of clad steels it is customary pickling. With these types of scale, care 

to use 18 to 20 sections of unbleached must be taken to protect the cladding from 

muslin wheels of es to m /p 2 count. These severe local erosion caused by blasting 

wheels are sewed to produce stiffness near on the unsealed section. Pickling or 

the center and flexibility at the edges. passivation should follow sandblasting to 




Fig. 25.—Hot Wort Tank of 304 Stainless-Clad Steel 

insure that all scale and embedded iron 
are removed. 

Pickling, Cleaning and Passivation.— 
All oil, grease and dirt should be remove 
by scrubbing with soap, alkali cleaners or 
suitable solvents to enable the acid solu¬ 
tions to get at or wet the clad surface. 

Immersion of clad materials in acid 
solutions for the time required to remove 
scale from the clad surface may allow 
excessive attack of the backing stee • 
Scale can be removed by short periods o 
immersion accompanied by swabbing an 
scrubbing the clad surface with acid solu¬ 
tion. Paste pickle incorporating acid 


The abrasive used with the wheels is 
either aluminum oxide or silicon carbide. 
It is customary to reduce grit size in 
steps of 40. For example, if 80 grit is 
used first, it would be followed by 120 
and then 160. Or if 100 grit is used in 
the first operation, it would be followed 
by 140 and 180 grit. The grit is glued to 
the wheel, and cardboard or used wheels 
are inserted between the sections to in¬ 
crease softness and to provide ventilation. 
It is customary to change direction of the 
wheel 180 deg. with change in grit size, 
to help eliminate wheel marks in the plate 
surface. 
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solution with fuller’s earth and lampblack 
may be used on the clad surface; or the 
steel surface of the plate may be covered 
with wax or an acid-proof plastic coating. 

COMMON APPLICATIONS 

Clad steels are used to provide protec¬ 
tion from contamination, corrosion resist¬ 
ance and/or heat resistance where they 
are more economical than for similar pro¬ 
tection by solid materials. Clad steels are 
used in the manufacture of equipment for 
the petroleum industry, breweries, dairies, 
bakeries, paper and pulp mills, food proc¬ 
essing plants, textile mills and chemical 
plants. 

Code Regulations 

Under Case 896 (reopened), published 
iu Mechanical Engineering, December 


1948, the AS ME Boiler Code Committee 
approves the use of clad steels meeting 
the requirements of Boiler Code specifi¬ 
cation SA-263, SA-264 and SA-265 for 
the fusion welding of pressure vessels. 
These specifications correspond to ASTM 
Specifications A263, A264 and A265. The 
backing plate may conform to any AS ME 

Boiler Code plate specification approved 
for welding. 

Full thickness (cladding and backing 
steel) may be used for the design of 
vessels built of materials complying with 
the above specifications when corrosion 
is not expected. When corrosion is ex¬ 
pected, additional metal thickness must 
he provided. 

The reader is referred to the text of 
(..ise 896 for full details of the special 
requirements imposed. Typical clad ves¬ 
sels are shown in Figs. 24 and 25. 
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CHAPTER 37B 


APPLIED LINERS* 


GENERAL PROPERTIES 

Definition and General Description 

Applied liner construction may be de¬ 
fined in a general manner as a composite 
plate consisting of a base plate, usually of a 
commercial grade of mild steel, to one sur¬ 
face of which is attached a relatively thin 
layer of a corrosion- or heat-resisting 
metal. Applied liner construction differs 
from clad construction, described in Chap¬ 
ter 37A, in that the attachment of the 
relatively thin sheet of corrosion- or heat- 
resisting metal to the heavier base plate 
is by an intermittent instead of a con¬ 
tinuous bond over the entire surface of 
the base plate. 

Sheet lining may be attached to the base 
plate by spot or seam welding, by weld¬ 
ing through the thickness of the sheet 
with the submerged arc or by welding 
plugs into holes cut in the sheet. Strip 
liners may be attached to the base plate 
only at their edges by the welding used 
to join the individual strips to each other. 

Applied liners are used to conserve alloy¬ 
ing materials and to give a more eco¬ 
nomical form of construction by the use 
of a thin veneer of special alloy to combat 
either corrosion or oxidation at higher 
temperatures. They are also used when 
a strong backing material is needed to 
back up a corrosion-resistant lining which 
is low in strength. 

Two problems are involved in applying 
the special alloy liners to the base plate. 
One is the attachment of the liner sheet 
to the base plate, and the other is the 
joining together of the individual liner 
sheets so as to present a continuous sur¬ 
face of the proper alloy for complete pro¬ 
tection against corrosion or oxidation. 


* Prepared by a committee consisting of J. J. 
Chyle, A. (). Smith Corp., Chairman; P. C. 
Arnold, Chicago Bridge & Iron Co.; E. O. 
Bergman, C. F. Braun & Co.; O. R. Carpenter, 
The Babcock & Wilcox Co.; James Earthman, 
Wyatt Metal & Boiler Wks. 


Materials and Specifications 

Base Plate .—The base or backing plate 
is generally mild carbon steel, but it may 
be any weldable low-alloy steel. When 
used for pressure vessels, the base plate 
must conform to an approved Boiler Code 
specification and to the design and service 
requirements of the Code. The base plate 
should have good weldability and such 
a composition that the liner can be suit¬ 
ably welded to its surface by the proposed 
welding process. For pressure vessel 
construction the following ASTM speci¬ 
fications are commonly used for the base 
plate : 

A-201—Carbon-Silicon Plates of 
Ordinary Tensile Ranges for Fusion- 
Welded Boilers and Other Pressure 
V essels. 

A-203—Nickel-Steel Plates for Boil¬ 
ers and Other Pressure Vessels. 

A-204— Molybdenum-Steel Plates for 
Boilers and Other Pressure Vessels. 

A-212—High Tensile Strength Car¬ 
bon-Silicon Steel Plates for Boilers 
and Other Pressure Vessels (Plates 
4Vs In. and Under in Thickness). 

A-225—Manganese-Vanadium Steel 
Plates for Boilers and Other Pressure 
Vessels. 

A-285—Low and Intermediate Ten¬ 
sile Strength Carbon-Steel Plates of 
Flange and Firebox Qualities (Plates 
2 In. and Under in Thickness). 

The thickness of the base plate depends 
largely on the type of equipment being 
fabricated. In general, base plates vary 
from to 5 in. or more in thickness. 
Applied liners are not economical for 
base plates less than 1 /<-in. thick, an 
there is relatively little difference in cost 
between solid alloy plate and applied liner 

plate in thinner sections. 

Liner .—The materials in general use 
for liners include a wide variety of alloy 
materials available in sheet or strip orm 
Most commonly used are the var *°“* 
types of stainless steel, including botn 
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the straight chromium or ferritic types and 
the chromium-nickel or austenitic types. 
The straight chromium steels include 
AISI Types 405, 410 and 430. The aus¬ 
tenitic steels are AISI Tvpes 301, 302, 
304, 308, 309, 310, 316, 321 and 347. 
Nickel, copper and a variety of nickel al¬ 
loys, copper alloys and special corrosion- 
or heat-resistant alloys are also used. 

In the nonferrous field, nickel and nickel 
alloys are common lining materials. The 
nickel may be obtained in carbon-free 
and in other commercial grades. The 
nickel alloys such as Monel, Inconel and 
cupro-nickel are quite widely used be¬ 
cause of their corrosion resistance to 
specific chemical conditions. Copper and 
copper alloys such as the aluminum 
bronzes and tin bronzes are often used 
for special chemical corrosion resistance. 
Some of the special alloys that have been 
used for specific corrosion resistance are 
Hastelloy A, B and C; these are com¬ 
posed of chromium, nickel and molybde¬ 
num, and have specific corrosion resist¬ 
ance against certain chemical reagents. 
Some of the more expensive metals such 
as pure silver, platinum, gold and tan 
talum are used where extreme resistance 
to chemicals is necessary. 

The dimensions of the liner sheets de¬ 
pend largely on the method of attach¬ 
ment. Widths from 24 to 48 in. are com¬ 
monly used for sheets attached by resist¬ 
ance welding. The lengths may vary 
from 3 to 12 feet. The size also depends 
on the type of alloy used and the sizes 
in which this material is normally avail¬ 
able. The thickness also varies somewhat, 
depending on the degree of corrosion re¬ 
sistance required and on the type of 
material used. In general, the thickness 
varies from Vt« to V i« in.; the most com¬ 
monly used thicknesses are 6 /«i to 7 /u« 
inch. Liner material thinner than Vie in. 
is seldom used, except for the very rare 
metals such as silver, platinum and tan¬ 
talum. The lighter gages are harder to 
weld and so are seldom used except when 

the greater thicknesses are prohibitive in 
cost. 

filler Metal .—The filler metal used 
in arc welding the alloy lining should be 
of such composition that the deposited 
weld metal will be within the composi¬ 
tion range of the lining material. Because 
of the pickup from the base metal, this 
may require that the electrode used have 
a higher alloy content or a lower carbon 


content, or both, than the lining material. 
Electrodes of entirely different composi¬ 
tion may be used provided they give 
sound welds with a corrosion resistance 
equal to or better than that of the liner. 

Specifications for filler metal include 
AW S-ASTM Standard Specifications: 

^ Corrosion-Resisting Chromium and 
Chromium-Nickel Welding Electrodes 
(AWS Designation A5.4; ASTM Des¬ 
ignation A298). 

Copper-Alloy Metal Arc-Welding 
Electrodes (AWS Designation A5.6; 
ASTM Designation B225). 

Bare electrodes are used only with 
automatic or semi-automatic submerged- 
arc or inert-gas metal-arc welding. See 
Chapters 38 and 61 for further informa¬ 
tion on welding electrodes. 

CODE REQUIREMENTS AND DE¬ 
SIGN 

Code Regulations 

Rules for the construction of pressure 
vessels from lined plate are given in 
AS ME Boiler Code Case 1078 and in the 
forthcoming Part UCL of Section VIII 
of the AS ME Code. The rules deal with 
such subjects as materials, allowable 
stresses, radiographic inspection, stress 
relieving and testing. Detailed require¬ 
ments arc given for procedure and opera¬ 
tor qualification tests together with tests 
of tlie attachment welds of the liner to 
the base plate. The API-ASME Code 
for Unfired Pressure Vessels for Petro¬ 
leum Liquids and Gases follows the Boiler 
Code regulations. 

Spacing of Attachment Welds 

A wide variation is possible in the range 
of spacing of attachment welds. At one 
extreme would be the vessel with no 
attachment welds at all. The nearest 
approach to this is the layer vessel with 
an inner layer of corrosion-resistant ma¬ 
terial in which the circumferential seams 
and the welding around openings serve 
as attachment welds. The other extreme 
is clad plate with 100% attachment. In 
between are strip, plug, and through- 
welded, and spot- and seam-welded liners 
in the order of the spacing commonly used 
in these constructions. 

I he important factors determining the 
spacing of attachment welds are (1) the 
maintenance at all points of the corrosion- 
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resistant properties of the lining material; resistance of many lining materials may 

(2) economy of construction; (3) the also be impaired by cracking in the weld 

effect of differences in the thermal expan- metal or in the heat-affected zone. The 

sion rates of liner and base plate. incidence of cracking may be reduced by 

Possible impairment in corrosion re- using a wider spacing of attachment welds, 

sistance is restricted to the weld zone. Austenitic steels and many nonferrous 
Dilution of the weld metal or weld nug- alloys have a higher rate of thermal ex- 
get by pickup from the base metal may pansion than that of the base plate ma- 

result in a composition having reduced terial. The alloy liner must conform to 

corrosion properties. In arc welding, the expansion of the base plate because 

the effect of dilution may be overcome by of its greater thickness. The liner can 

using electrodes of higher alloy content. do this either by compressing or by buck- 

Where this is not possible, the effect may ling or bulging. Compression is pro¬ 
be minimized by applying the weld metal moted by close spacing of attachment 

in two or more layers. In resistance welds. It begins as elastic compression, 

welding, dilution may be kept from the but for any considerable rise in tempera- 

surface of the lining by careful control ture, transforms into plastic flow. Buck- 

of the welding operation. I he corrosion ling, on the other hand, occurs with wide 



















applied liners 


attachment spacing. It is elastic at the 
wider spacings, and at intermediate spac- 
ings may be accompanied by plastic flow. 
The selection of attachment spacing is 
affected also by the pressure, the operat¬ 
ing cycle or service conditions, and the 
nature of the corroding medium. No 
general rules for spacing can be laid 
down. Each case should be given sepa¬ 
rate consideration. 


S3$ 

welding is quite similar to the spot weld¬ 
ing method, and uses similar welding 
equipment. However, the electrodes move 
continuously without interruption during 
the welding cycle. A typical seam weld¬ 
ing machine is shown in Fig. 2. In seam¬ 
welding liners it is common to use a plural¬ 
ity of alloy liner sheets, as shown in Fig. 
3, in order to obtain the proper bonding 
of the liner to the base plate. The cor- 



Fig. 2. Typical Seam-Welding Machine for Liners 


FABRICATION 

Equipment 

Special resistance welding equipment is 
usually designed for spot or seam welding 
liners. A typical spot-welding machine is 
shown in Fig. 1. This machine consists 
primarily of two circular electrodes 
spaced from 3 to 12 in. apart, that move 
over the surface of the liner plate. Two 
spot welds in series are made simulta¬ 
neously with this type of machine. The 
current enters the liner material through 
one electrode and emerges from the other. 
Ihe electrode wheels move intermittently 
being held stationary at the time the weld 
is made. The transformer is made an in¬ 
tegral part of the rotating electrodes in 
order to reduce the length of the second¬ 
ary unit from the transformer. 

The attachment of liner sheets by seam 


rosion-resisting liner may he composed 
ot two thicknesses of liner sheets which 
are placed over a relatively thin sheet of 
nickel directly over the base plate. The 
purpose of the two sheets of alloy liner 
is to provide flexibility while the nickel 
sheet is used to prevent excess dilution 
ot the base metal from the welds. The 
use of more than one thickness of alloy 
hner is not limited to seam welding, but 

described^ 6 SPOt WeIding Piously 

Through welding is usually done with 
automatic submerged arc welding equip- 
menL A typical setup is shown in Fig 
7’ 1 he desired penetration is obtained 

by varying the voltage, current and 
speed of travel. Similar equipment may 
be used for making the weld joints be¬ 
tween adjacent sheets of spot or seam- 

welded liners or between the strips of 
strip lining. 
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Surface Preparation 

Special preparation of the liner and 
the base plate is required for both resist¬ 
ance and arc welding. The base plate 
must be clean and free from surface con¬ 
taminations such as scale, grease, oil and 
paint, and its surface should be reasonably 
smooth and free from gouges, low spots 
and pockmarked surfaces. It is customary 
to sandblast the surface of the carbon 
steel plate prior to attaching the liner. 


usual construction is to have the weld at 
the joint penetrate into the base plate so 
that it serves as an attachment of the 
liner to the plate. This assures complete 
penetration of the liner and makes it pos¬ 
sible to pressure test behind each separate 
liner panel. The strip method of lining 
uses no attachment other than the joint 
weld. The edge preparation and the root 
opening depend on the liner composition 
and thickness and on the welding process. 
Liners up to Vie-in. thick need no edge 



Fig. 3.—Seam Welding with Multiple Alloy Liner Sheets 


The liner material is usually purchased 
with a pickled cold-rolled finish, some¬ 
times referred to as a standard 2D finish 
for stainless alloys. It is important to 
have the surface clean and free from 
such defects as pits, rust and foreign 
material imbedded in the surface, and 
with the proper finish for corrosion re¬ 
sistance. The surface finish of the liner 
sheet and the surface preparation of the 
base plate are of prime importance for 
resistance welding, and both are purchased 
with special requirements as to their 
finishes. For many applications where 
corrosion is a major factor, the liner 
material is specified with a certain 
guaranteed corrosion resistance which is 
agreed to by the purchaser and the sup¬ 
plier. In many cases the liner material 
is given a heat treatment to meet the 
corrosion requirements of the particular 
alloy. The effect of welding heat on the 
corrosion resistance of such materials 
must be considered. 

Joining Adjacent Liners 

Adjacent sheets or strips may be welded 
together either by manual or automatic 
metal-arc welding processes, including 
automatic submerged arc welding. The 


preparation for manual welding; the 
thickness may be considerably greater 
when submerged arc welding is used. A 
simple type of edge preparation consists 
in beveling the edges of the abutting 
liners with a chipping tool. The root 
opening between the liners may vary from 
zero up to Vs in. or more. Wider root 
openings are usually employed with strip 
linings. Several types of such joints are 
shown in Fig. 5. 

Attachment of Liners 

Four methods of attaching the liner 
to the base plate are commonly employed. 
Strip lining uses narrow strips without 
interior attachment, the attachment being 
by means of the joint welds discussed 
in the preceding section. Spot and seam 
welding, through welding and plug weld¬ 
ing are used with larger liner panels 
that require other attachments in addition 
to the edge welds. 

Strip Lining .—In strip lining, the at¬ 
tachment of the liner to the base plate 
is by means of the welds that join a 
jacent sheets. The lining is in the form 
of strips of such width that no attachments 
are required in the interior of the panel. 

The strip lining method has a wide 
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range of application. Almost any metal 
which is available in sheet form and is 
capable of being welded can be applied 
as a lining by the strip method. One 
exception is hot-short material that 
cracks during cooling, due to the re¬ 
straint offered by the thicker base plate. 

The length of the strips may vary from 
24 to 40 in. for field-applied liners, or 
from 24 to 120 in. for shop-applied liners, 
depending on the type of equipment and 
the construction. The width of the strips 
depends largely on operating temperatures, 
and may vary from 3 to 6 in.; the narrower 
widths being used for the higher operating 
temperatures. 


used with strip linings. Another procedure 
commonly used is shown in Fig. 5 ( b ). 
The edge of each of the adjacent strips 
is welded with a fillet weld. Then the 
space between the two welds is filled with 
a cover weld. The use of a cover weld 
reduces the danger of weld dilution from 
the base metal. Special weld joints that 
prevent any weld dilution are shown in 
Figs. 5(a) and (c). A strip-lined vessel 
is shown in Fig. 6. 

Spot and Scam Welding .—The equip¬ 
ment used has previously been described 
and is covered in more detail in Chapter 15. 

1 he spacings between spot welds may vary 
over wide ranges from 1 X 1 to 3 X 3 



Fi 0 . 4.—Typical Submorg«d-Arc Welding Equipment for Liners 


Strip linings may be applied to vessels 
that have been in service, as well as to 
new vessels. Field attachment is per- 
formed manually and may require welding 
to be done in the fiat, horizontal, vertical 
and overhead positions. 

The weld procedures described in the 
preceding section for joint welds may be 


inches. Spacings such as 1 X 17* in. or 
l'/s X T/s in. or other combinations are 
possible, the desired spacing usually being 
determined by the service conditions. 
Closer spacings are recommended for high 
temperatures and rapid cooling and heat¬ 
ing cycles. Where changes in tempera¬ 
ture do not occur, wider spacings are used. 
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A typical oil refinery vessel which has a 
spot-welded liner with adjacent liners 
attached by manual metal-arc welding is 
shown in Fig. 7. The spacing between 
seam welds is kept to a minimum so that 
the welds overlap to a considerable ex¬ 
tent. For seam welding it is customary 
to use multiple-ply liner sheets to obtain 
greater flexibility. In some cases a nickel 
sheet 0.010-in. thick is used against the 
carbon steel plate. The rest of the liner 
may consist of several plies of alloy ma¬ 
terial each approximately 0.054-in. thick. 
The thicknesses of liner and a nickel 
sheet make a total thickness of approxi¬ 
mately 0.115 inch. 






Fig. 5.—Typical Joints for Connecting Adja¬ 
cent Liners 


Spot and seam welding are limited 
entirely by the composition, thickness and 
resistance of the liner material, and by 
the spacing between the welds. Spot and 
seam welding are somewhat restricted to 
alloys of higher electrical resistance be¬ 
cause the series welding circuit which is 
used results in shunting of the welding 
current to such an extent that bonding is 


difficult. The various types of ferritic 
and austenitic stainless alloys and the 
nonferrous metals such as nickel, Monel, 
Inconel and Hastelloy are commonly 
resistance welded to the base plate. 

Through Welding .—Through welding 
consists in attaching the liner panel by 
depositing a weld along the edge of each 
panel and also a series of welds across 
the liner, fusing through the liner ma¬ 
terial and penetrating into the base plate. 
The depth of penetration may vary, 
but the usual depth is Vie inch. The 
attachment welds are generally made with 
the submerged arc process, and are 

made either on flat plates or after the 

plates have been fabricated into cylinders. 
The welds are made around the circum¬ 
ference of the vessel. 

The size of liner sheet is not restricted 
by the welding equipment. A sheet width 
of 36 in. is commonly used. The length 
is selected to provide one, two or three 
courses around the vessel, depending on 
its diameter. Joints made in the base 
plate after the plate is lined may be 

covered with closing strips attached as 
described in the section on Strip Lining. 

Plug Welding .—Plug welding is a 
method of attaching a lining by welding 
it to the base plate through holes punched 
or drilled through the liner. The holes, 
which vary in size according to the 

thickness of the liner, are filled with 
weld metal which bonds to the base plate 
and to the liner around the edges of the 
hole. The edges are usually chamfered in 
liners over Vs-in. thick. If the hole is 
made too small, difficulty may be ex¬ 
perienced in welding and excessive po¬ 
rosity and imperfect bonding to the base 
plate may result. 

Figure 8 shows a typical plug weld 
construction. 

Manual arc welding is largely used 
for plug welding. Semi-automatic weld¬ 
ing using inert-gas or granular-type 
shielding can be used with some lining 
materials. Plug welding has been largely 
replaced by other methods of lining be¬ 
cause of the difficulty of making plug 
welds that are sound and tight in many 
types of liner material. 

Welding Details 

Suitable corrosion-resisting metal must 
be used to cover the carbon steel 
weld metal in the main longitudinal and 
girth seams, as well as in the welds of 
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miscellaneous internal details, such as 
nozzles, manways and openings. In 
some cases deposit welds are made over 
the main seam welds. In others, the 
cover strip method of protection is’used 
as shown in Fig. 5 (c). The type of 
construction used to protect the main 
seam welds depends to a large extent 
on the type of alloy used, the code re¬ 
quirements and the specification to which 
the vessel is built. 


requirements may be necessary for mate¬ 
rial that is to be resistance welded. 

Proper heat treatments for corrosion 
requirements are usually determined for 
each type of alloy and are specified for 
the liner material. Some alloys require 
stress-relief heat treatment to remove 
the residual welding stresses set up by 
the welding operation. Stress relief may 
also temper or reduce the hardness of 
the heat-affected zone in the base plate 



Fig. 6.—Strip Lined Vessel 


W hen radiographic or magnetic particle 
inspection is necessary, such inspection 
is sometimes performed before the main 
seam is given the final corrosion pro¬ 
tection weld, and sometimes after the 

corrosion resisting weld metal is applied. 

1 he ASM h Boiler Code requirements 
serve as a guide. 

Heat Treatment 

It is important to heat treat some 
Imer materials to obtain the maximum 
corrosion resistance. The electrical con¬ 
ductivity may also depend on heat treat¬ 
ment and for this reason special 


aujacent to the welds, as well as reduce 
the hardness of the weld in the liner 
material itself. Some requirements for 
Rat treatment are given in the AS ME 

Boiler Code. 

Field Welding 

The attachment of lining to assembled 
field vessels by strip lining can be accom¬ 
plished by using procedures as outlined 
previously in this chapter with a few 
excepnons Because of the difficulty of 
handling liner strips on scaffolding and 
in precarious positions while the vessels 
are ,n the vertical position, it is suggested 
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that all liner sheets be as small as pos¬ 
sible, preferably not over 40 in. long. 
This short length will also enable one or 
two men to apply the liner so that it can 
be in full contact with the base plate. It 
is extremely important that the liner be 
pressed against the shell by some 
mechanical means to insure full contact. 
In some cases for smaller diameters, it 
is necessary to roll the liner plates in the 
shop to the proper curvature before apply¬ 
ing in the field. If possible, on field 
erected vessels, all oxidation and scale 
should be removed from the base mate¬ 
rial either by wire brushing or sand¬ 
blasting. Sandblasting is, of course, the 
most satisfactory method as it will 


TESTING 

Procedure and Welder Qualifications 

The AS ME Boiler Code specifies re¬ 
quirements for qualification tests of the 
welding procedure and of the welders 
making the joint welds between liners. 
The Boiler Code also gives requirements 
for the attachment welds between the 
liner and the base plate. 

Testing for Leaks 

The method used for testing the tight¬ 
ness of applied liners depends on the type 
of liner material, the method of construc- 




. ■ c* 


▲ 




Fig. 7.—Vessels with Spot-Welded Liners 


detect any corrosion pits or defects in the 
base plate. In order to minimize the 
amount of field welding, the joints be¬ 
tween the strips should be kept to a 
minimum. However, they should still be 
far enough apart so that the two strips 
can be attached to the base material and 
then covered over with the final bead. 
The method of testing liners applied in 
the field should be a matter of agreement 
between the purchaser and the fabricator. 


tion and the service in which the vessel 
is to be used. Test procedures include 
application of fluid pressure on one side 
or the other of the liner, as well as 
examination in the vicinity of welds by 
radiographic, magnetic particle or pene¬ 
trating oil methods. 

Pressure Testing .—A pressure test be¬ 
hind the liner, using air, nitrogen or 
some other fluid, is easy to make and is 
widely used. The pressure is applied 
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through a hole drilled in the liner or the 
base plate. If the hole is in the liner, 
other test methods must be used on the 
weld that closes up the hole. A soap 
solution is commonly used to detect air 
leaking through the liner or the welds. 
The test pressure should be low enough 
so that the air will bubble through the 
soap solution rather than blow it away. 

The hydrostatic test required by the 


leaks are located with an air and soap 
solution test applied from the reverse side. 

The pressure test appears to be simple 
to apply, and reasonably certain to detect 
any leaks that may be present. In 
practice it may fall short of this. The 
difficulty comes from the application of 
pressure behind the liner. This reverse 
pressure alters the configuration of the 
liner and may close up leaks under test 



Fig. 8.—Ve«»*l With Plug-W«lded Lin®rs 


Hotter Code is sometimes used as a 
test of the liner. One method is to 
tc*t with oil and then steam out the 
vessel. Back seepage or bleeding of 
oil from behind the liner shows up 
visibly. Another method that has been 
tried is to provide weep holes through 
the shell behind each panel, and test with 
water. If water shows up at the weep 
holes during the hydrostatic test, the 


that show up under operating conditions. 

or the same reason it fails to locate 

leaks that show up under the hydrostatic 
test. 

Care should be taken that all moisture 
is removed from behind the lining be¬ 
fore the test plugs are closed after the 
hydrostatic test. This can be accom¬ 
plished by heating the lining with a 
torch, or in the case of small or medium 





842 


METALS 


size pressure vessels, inserting in a stress- 
relieving furnace and raising to a tem¬ 
perature higher than 212°F. 

Other Inspection Methods .—Leakage of 
the liner will occur principally in the 
welds and heat-affected zones. Several 
inspection methods are used for locating 
such leaks. One method uses fluorescent 
penetrating oil and black light. Another 
uses a colored penetrating oil. A magnetic 
particle method may be used on magnetic 
materials. Radiography is specified for 
certain liner materials by the ASME 
Boiler Code and may be used for others. 

COMMON APPLICATIONS 

One of the most important fields of 
application for applied liners is in the 
oil industry, in which corrosion protection 
of the carbon steel plate is of utmost 
importance. The most commonly used 
liners in this industry are straight chro¬ 
mium stainless steel Types 405 and 410. 
A considerable amount of austenitic 
Types 302, 304, 308 and 309 is also used. 


Monel, nickel and Inconel are also used 
extensively in certain types of vessels in 
the oil industry. Typical vessels for 
use in the oil industry are shown in 
Fig. 7. 

Because of the corrosive conditions in 
the paper industry, alloy lined vessels are 
now commonly employed in the digestors 
for making paper pulp. The alloys used 
usually depend on the process. The most 
commonly used are the austenitic stainless 
Types 347 and 317. Inconel and Monel 
are also finding use in this industry. 

In the chemical industry applied liner 
vessel construction is widely employed. 
The type of lining may vary considerably 
depending on the corrosive conditions 
encountered. The chemical industry prob¬ 
ably has the widest need for corrosion 
protection, and as a result there are 
widely different alloys used. These in¬ 
clude all of the stainless steel types of 
alloys and also the nonferrous alloys, 
including the nickel, copper, molybdenum 
and silver linings. 
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CHAPTER 38 

FILLER METAL* 


INTRODUCTION 

New applications of welding in recent 
years have been greatly facilitated by the 
development of many new and improved 
types of electrodes and welding rods, each 
designed to do specific jobs with maximum 
efficiency. To provide the users of these 
materials with a means of evaluating the 
filler metal available for their use the 
American Welding Society and the 
American Society for Testing Materials, 
through the jointly sponsored Committee 
on biller Metal, have prepared or are 
preparing specifications to cover the fol¬ 
lowing materials: 

1. Mild Steel and Low-Alloy Steel 
Electrodes 

2. Iron and Steel Gas-Welding Rods 

3. Aluminum and Aluminum-Alloy 
Filler Metal 

\ Corrosion - Resisting Chromium 
and Chromium-Nickel Filler Metal 

5; Njckel and High-Nickel-Alloy 
biller Metal 

6. Copper and Copper-Alloy Filler 
Metal 

7. Brazing Filler Metal 

8. Surfacing Filler Metal 

Current Specifications, at the time of 
publication of this edition of the Hand¬ 
book. are reproduced in Chapter 61, and 
are the Specifications referred to through¬ 
out this chapter. 

The purpose of this chapter is not to 
reproduce the Specifications, but to pro¬ 
vide a general coverage of the character¬ 
istics of the most important commercially 
available classifications of filler metal in 
the above categories. 

hy , a fOTnm >tt^ consisting of T H 
Dcppcler ConsuJt.ne F.ng.nccr, Chairman j \ 

Bandy and Harman; O. B. J Fraser 
Thr International Nickel Co.; G. O Hoelund 

America; G. M. Le^h’ 

KZ'Tor*'"' c - R 


MILD STEEL AND LOW-ALLOY 
STEEL ELECTRODES 


Two separate specifications, Mild Steel 
Arc-Welding Electrodes (AWS Desig¬ 
nation A5.1 ; ASTM Designation A233) 
and Low-Alloy Steel Arc-Weldtng Elec¬ 
trodes (AWS Designation A5.5; ASTM 
Designation A316) have been issued to 
cover these electrodes. The former speci¬ 
fications cover electrodes of the E60 series 
of classifications, the latter electrodes of 
the E70, E80, E90 and E100 series of 
classifications. They are discussed to¬ 
gether here only as a matter of conven¬ 
ience since from the standpoint of operat¬ 
ing and usability characteristics, electrodes 
of similar classifications in the different 
series (E6010, E7010, E8010, etc.) are 

quite the same. Differences will be pointed 
out as necessary. 

The electrodes described in the specifi¬ 
cations may be grouped according to (a) 
operating characteristics, ( b ) type of 
covering and (c) characteristics of de¬ 
posited metal. Operating characteristics 
and types of covering are described in 
some detail in the Specifications. Char¬ 
acteristics of deposited metal are described 
only l ° th e extent of mechanical proper¬ 
ties. No requirements have been estab¬ 
lished for chemical composition or thermal 
characteristics. 

Electrodes, regardless of trade name, 
which meet all of the requirements of 
any given AWS-ASTM classification 
may be expected to have major charac¬ 
teristics which are very similar if not 
identical. Certain minor differences con¬ 
tinue to exist among brands due to dif- 
ferences m production facilities and the 
usual differences of opinion that exist in 
any field regarding specific operating 
characteristics. The more important 
characteristics of each electrode classifi¬ 
cation arc discussed later. 
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With regard to the low-alloy steel elec¬ 
trodes it should be noted that electrodes 
of the same classification may deposit 
metal of different composition and dif¬ 
ferent thermal characteristics. In weld¬ 
ments where mechanical properties either 
in the as-welded or stress-relieved condi¬ 
tion are the only requirements, other char¬ 
acteristics are of little importance; how¬ 
ever, in weldments to be heat treated, con¬ 
sideration should be given to depositing 
metal having thermal characteristics com¬ 
parable to those of the base metal. Some al¬ 
loy steels have compositions that give spe¬ 
cial properties such as corrosion resistance. 
When welding these steels, an attempt 
should be made to obtain deposited weld 
metal having similar properties. Natur¬ 
ally, depositing weld metal having the 
same composition as the base metal would 
give such special requirements; however, 
some alloying elements in the steel can¬ 
not be effectively transferred across the 
arc. It then becomes necessary to sub¬ 
stitute another element that can be satis¬ 
factorily deposited. 

Because of the great variety of composi¬ 
tions available, it is impossible to recom¬ 
mend applications for the low-alloy steel 
electrodes where properties other than 
mechanical properties are required. The 
characteristics of various alloy steels are 
generally known and from this informa¬ 
tion it is possible to predict the character¬ 
istics of the weld metal of a given compo¬ 
sition. For the most part, it will be found 
that alloys containing molybdenum will 
have increased creep-resisting properties 
at elevated temperatures. For this reason, 
molybdenum alloys are frequently used for 
fabricating high-temperature, high-pres¬ 
sure power installations. Power instal¬ 
lations operating at the higher tempera¬ 
ture ranges are frequently fabricated with 
electrodes depositing a chromium-molyb¬ 
denum alloy. The chromium unites with 
the carbon to reduce graphitization in the 
heat-affected zone. 

Most weldments made using low-alloy 
electrodes are stress-relieved before being 
placed in service. For this reason, the 
Specifications define mechanical properties 
of the weld metal in the stress-relieved 
condition. It should be kept in mind 
that with the exception of the deposits of 
EXX15 and EXX16 electrodes, the as- 
welded deposits will have a higher tensile 
strength and yield point and a lower 
elongation and reduction of area than 


when stress-relieved. It is not necessary 
that all weldments be stress-relieved to 
give satisfactory service. However, if 
maximum ductility and impact properties 
are to be obtained from deposits made 
using an electrode with a conventional 
type covering, then the weldment should 
be stress-relieved. The tensile strength 
and ductility requirements given in the 
Specifications are considered to adequately 
describe the stress-relieved deposits of 
electrodes covered by the Specifications 
and further elaboration is unnecessary. 

EXX10 

EXX10 electrodes are designed to pro¬ 
duce the best possible mechanical proper¬ 
ties consistent with good usability charac¬ 
teristics in all welding positions, using 
d.c., reversed polarity only. They are 
characterized by a deeply penetrating, 
forceful, spray-type arc and a readily re¬ 
movable, thin, friable slag which may not 
seem to completely cover the deposit. 
Fillet welds are usually relatively flat in 
profile and have rather coarse, unevenly 
spaced ripple. The covering is high in 
cellulose, usually exceeding 30% by 
weight. The other materials generally used 
in the covering include titanium dioxide, 
various types of magnesium or aluminum 
silicates, metallic deoxidizers such as fer¬ 
romanganese and liquid sodium silicate. 
The core wire is usually a rimmed steel 
containing 0.10 to 0.14% carbon, 0.40 to 
0.60% manganese, 0.04% max. sulfur and 
phosphorus and 0.025% max. silicon. 

Electrodes of these classifications (or 
EXX11) are recommended for all-position 
work where the quality of the deposit is 
of greatest importance, particularly on 
multiple-pass applications in the vertical 
and overhead positions, where radio- 
graphic requirements must be met. 

The majority of applications for E6010 
electrodes are on mild steel. However, 
this classification has been used to ad¬ 
vantage on galvanized plate and on some 
low-alloy steels. Typical applications in¬ 
clude shipbuilding, structures such as 
buildings and bridges, storage tanks, pip¬ 
ing and pressure-vessel fittings. Since 
applications are so widespread, a discus¬ 
sion of each is impractical. In some cases 
the 8 /ie-in. diam. is available in two cover¬ 
ing thicknesses, either of which can be 
used in all positions. Improved mechani¬ 
cal properties are obtained with t e 
heavier covering at some sacrifice ot 
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operating characteristics in the vertical 
and overhead positions. By far the larger 
volume is produced with the thinner cover¬ 
ing. Sizes larger than 8 /ie in. are, of 
course, not generally used in all positions. 

Generally speaking, the maximum cur¬ 
rents that can be used with all EXX10 
electrodes are somewhat limited as com¬ 
pared to the EXX12, EXX15, EXX20 
or EXX30 electrodes due to the high 
spatter loss and decomposition of cover¬ 
ing that occurs with high currents. Table 
1 gives current and voltage ranges which 
may not apply to every brand produced, 
but will be found to be satisfactory for 
most. 

The mechanical properties of E6010 to 
be expected in the as-welded condition, 
when deposited in accordance with the 
test procedures prescribed in the Specifi¬ 
cations, are shown in Table 2. Since 
E6010 electrodes contain no alloy in¬ 
gredients other than those usually con¬ 
tained in the core wire, the chemical 
composition of the deposited metal, un¬ 
contaminated by plate material, will usu¬ 
ally show less carbon and manganese than 
the core wire. The phosphorus and sulfur 
will not exceed 0.04% each. The silicon 
content, however, will be higher than 
that of the core wire and in the case of 
some brands may approach 0.30%. 

No corresponding values are given for 
the low-alloy steel electrodes because 
their properties will vary according to 
their composition, heat treatment, etc. 

EXX11 

EXX11 electrodes are designed to dup¬ 
licate the usability characteristics and 
mechanical properties of the EXX10 elec¬ 
trodes using alternating current. Al¬ 
though also usable with d.c., reverse 
polarity, a sacrifice in usability charac¬ 
teristics will he noted when compared to 
the EXX10 electrodes. Penetration, arc 
action, slag and fillet-weld appearance 
are very similar to those expected from 
EXX10 electrodes. 

The coverings are also high in cellulose 
and are classified as the high-ccllulose 
potassium type. In addition to the other 
ingredients usually found in EXX10 elec¬ 
trode coverings, small quantities of cal¬ 
cium and potassium are usually present. 
The core wire used, so far as is known, 
is identical to that used in EXX10 elec¬ 
trodes. The necessary alloys for the low- 
alloy steel electrodes are usually added 


to the deposit through the covering. Like 
the EXX10 electrodes, EXX11 electrodes 
perform satisfactorily on galvanized plate. 

The current and voltage ranges for 
these electrodes are the same as those 
recommended for the EXX10 electrodes 
as shown in Table 1. 

The mechanical properties of deposited 
metal obtained from E6011 electrodes are 
shown in Table 2. The chemical compo¬ 
sition of the deposited metal will fall 
within the same ranges given for E6010 
electrodes. 

E6012 

E6012 electrodes have no corresponding 
counterparts in the low-alloy steel elec¬ 
trode series of classifications. They are 
usable in all positions with d.c., straight 
polarity and a.c., and are characterized 
by medium penetration, a rather quiet 
arc, slight spatter and dense slag com¬ 
pletely covering the deposit. The cover¬ 
ing is high in titania, usually exceeding 
35% by weight, which accounts for its 
being referred to as the titania or rutile 
type. In addition, the covering usually 
contains various silicious materials such 
as feldspar and clay, small amounts of 
cellulose, ferromanganese and sodium sili¬ 
cate as a binder. Also, small amounts of 
calcium compounds may be used to pro¬ 
duce satisfactory arc characteristics with 
d.c., straight polarity. The core wire is 
identical with that used for E6010 and 
E6011 electrodes. Whereas single-pass 
welds may meet with radiographic re¬ 
quirements, multiple-pass welds fall far 
short. 

Generally speaking, fillet welds tend to 
be convex in profile, having a smooth, even 
ripple in the horizontal position and a 
widely spaced ripple in the vertical posi¬ 
tion, which becomes smoother and more 
uniform as the size of the weld is in¬ 
creased. Ordinarily, a larger size fillet 
must be made in the vertical and overhead 
positions than with E6010 and E6011 elec¬ 
trodes of the same diameter if good fusion 
and profile are to be obtained. 

Although E6012 electrodes are suitable 
for welding in all positions, far greater 
tonnages of it are used in the flat and 
horizontal positions than in the vertical 
and overhead positions. They are espe¬ 
cially recommended for single-pass, high¬ 
speed, high-current horizontal fillet welds. 
Ease of handling, good weld profile and 
ability to withstand high current and 
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to bridge gaps under conditions of poor 
fit-up make these electrodes very well 
suited to this type of work. When used 
for vertical and overhead welding, the 
electrode size used is frequently one size 
smaller than would be used if an E6010 
or E6011 electrode were used. 

These electrodes have been used to ad¬ 
vantage on many low-alloy steels, particu¬ 
larly of the higher carbon varieties. This 
is probably due to the fact that the pene¬ 
tration obtained, although adequate, is by 
no means that obtained with the E6010 or 
E6011 types. As a result the pickup of 
alloying ingredients is not as great, which 
undoubtedly has a beneficial effect from 
the standpoint of cracking. Reference to 
Table 1 will show that far higher currents 
can be used with this type of electrode 
than can be used with any other of the all¬ 
position electrodes. 

The weld metal deposited by these elec¬ 
trodes is lower in ductility and higher in 
yield strength than weld metal from either 
E6010 or E6011 electrodes. The mechani¬ 
cal properties to be expected, when weld¬ 
ing in accordance with the test procedures 
prescribed in the Specifications, are shown 
in Table 2. The chemistry of the de¬ 
posited metal varies little from that ob¬ 
tained from E6011 electrodes. However, 
microscopic examination will disclose that 
the weld metal contains far more non- 
metallic inclusions. 

EXX13 

EXX13 electrodes are used in all posi¬ 
tions with a.c. and d.c., reverse polarity. 
These electrodes were designed originally 
for light sheet metal work. However, 
the larger diameters are being used on 
some applications previously welded with 
other low-alloy steel or E6012 electrodes. 

The coverings used are very similar 
to the coverings of E6012 electrodes, con¬ 
taining rutile, silicious materials, cellu¬ 
lose, ferromanganese and liquid silicate 
binders. Easily ionized materials are in¬ 
corporated in the coating which permits 
the establishment and maintenance of an 
arc with a.c. at low welding currents and 
low open-circuit voltages. These elec¬ 
trodes have a covering known as the JiigJi- 
titania potassium type. The necessary 
alloys in the low-alloy steel electrodes are 
usually added to the deposit through the 
covering. 

Slag removal is somewhat better with 
E6013 than with E6012 electrodes and the 
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Table 2—Mechanical Properties of Mild Steel Wold Metal (As-Welded) 
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arc can be established and maintained 
more readily, particularly in the case of 
the small diameters (Vie, ®/<w and s /«2 in.). 
Even less penetration is obtained than with 
E6012 electrodes; also the arc action tends 
to be quieter, the bead surface smoother 
and with a finer ripple. As in the case of 
other electrodes, the different brands of 
EXX13 have varied characteristics. Some 
of these electrodes are usually recom¬ 
mended for sheet metal applications where 
their ability to weld satisfactorily in ver¬ 
tical position from the top down is an 
advantage. Others with a more fluid slag 
are in part replacing E6012 electrodes for 
horizontal fillet welds and other general- 
purpose welding. Rather than the con¬ 
vex type, characteristic of E6012 elec¬ 
trodes, they produce a flat fillet weld 
similar to that of the E6020 electrodes. 
They are also readily usable in making 
butt welds, having a concave bead shape 
and an easily-removed slag. 

Ordinarily the high welding currents 
which can be used for E6012 electrodes 
cannot be used for EXX13 electrodes. 
However the currents and voltages used 
for both types of electrode will differ 
little when welding is done in the vertical 
and overhead positions. Recommended 
currents and voltages for EXX13 elec¬ 
trodes are shown in Table 1. 

I he radiographic quality of welds made 
with EXX13 electrodes is usually good. 
The mechanical properties of weld metal 
deposited by E6013 electrodes are shown 
in 1 able 2. The chemistry of the de¬ 
posited metal from E6013 electrodes is 
very similar to that obtained from E6012 
electrodes. However, it is definitely 
cleaner from the standpoint of slag and 
oxide inclusions. As previously noted 
the chemistry and mechanical properties 
for low-alloy steel weld metal are not 
given because of differences in chemical 
requirements, heat treatment, etc. 

EXX15 

Hie EXX15 electrodes are made pos¬ 
sible by the recent development of a 
covering low in hydrogen that gives satis¬ 
factory operating characteristics and high 
quality deposits. The electrodes are usu¬ 
al lv manufactured using a low-carbon 
(0.10 to 0.14%) rimmed steel core wire 
having 0.40 to 0.60% manganese, 0.04% 
max. sulfur, 0.04% max. phosphorus, with 
a trace of silicon. The covering, con¬ 
sisting largely of minerals of which a 
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high percentage is soda and lime carbo¬ 
nate, is known as the low-hydrogen sodium 
type. The coverings are slightly thicker 
than those normal for each diameter of 
wire, making for slightly more difficult 
operation due to shortness of the arc which 
must be maintained. 

These are essentially d.c., reverse polar¬ 
ity electrodes and were developed for weld¬ 
ing high strength high-carbon and alloy 
steels in which the ordinary coverings 
produce a phenomenon known as under¬ 
bead cracking. These underbead cracks 
occur in the unfused base metal usually 
just below the center of the weld metal, 
and are caused by the hydrogen present 
in conventional electrode coverings. Nat¬ 
urally, the elimination of hydrogen with 
its consequent underbead cracking permits 
the welding of difficult-to-weld steels if 
sufficient preheat is used and the preheat 
temperature maintained until a satisfac¬ 
tory thermal treatment is given. Al- 
though these cracks do not occur in ordi¬ 
nary steels, they may occur whenever an 
ordinary electrode is used on high-tensile 
steels. Many of the newer high-tensile 
steels contemplated for future production 
will require the use of classification 
EXX15 electrodes. Another *use for 
EXX15 electrodes is the welding of high 
sulfur steels. The ordinary electrode 
deposit on these steels (which contain 
0.10 to 0.25% sulfur) is badly honey¬ 
combed. The EXX15 type of electrode 
can be used to weld these steels without 
any difficulty. 

The operating characteristics of these 
electrodes are materially different than 
electrodes having conventional coverings 
but compare favorably with stainless steel 
electrodes having a lime-type covering. 
The arc is moderately penetrating, the 
slag heavy, friable and easily removed, and 
the deposited metal lies in a flat bead or 
may even be slightly convex. The out¬ 
standing operating differences, when com¬ 
pared to conventional electrodes, are a 
more viscous weld metal which does not 
permit whipping or fast weaving and a 
very short arc necessary for low-hydrogen, 
high-quality deposits. Diameters larger 
than c / 32 in. are not generally recommended 
for vertical and overhead welding. When 
making vertical and overhead welds, elec¬ 
trodes one diameter smaller than the 
EXX10 electrode are recommended for a 
weld of the same size. Diameters larger 
than 5 / 32 in. are recommended for horizon¬ 


tal fillet welds and welds made in the flat 
position. 

These electrodes were developed during 
the war for the welding of armor plate 
and in addition to their use on alloy steels, 
high-carbon steels and high-sulfur steels 
they have been found useful on malleable 
iron, on spring steels and for welding the 
mild steel side of clad plates. Another 
extensive use has been in the welding of 
steels which will subsequently be enameled 
and in all those steels which contain selen¬ 
ium. 

Generally speaking, the currents used 
with these electrodes are higher than those 
recommended for EXX10 electrodes of 
the same diameter. Table 1 may not 
apply to every brand produced but will be 
found satisfactory for most. 

The as-welded mechanical and impact 
properties of deposits made using E6015 
and E6016 electrodes, have been found 
to be superior to those of E6010 and E6011 
electrodes depositing weld metal of the 
same composition. Numerous tests have 
indicated the as-welded mechanical and 
impact properties of deposits from these 
electrodes approach the properties of 
stress-relieved deposits from conventional 
electrodes approach the properties of 
deposits of conventional electrodes are ma¬ 
terially improved when they are stress- 
relieved, the deposits of low-hydrogen 
electrodes are changed only slightly. 
The reduced tendency for underbead crack¬ 
ing and the high quality of as-welded de¬ 
posits of these electrodes should materi¬ 
ally reduce the preheat and postheat of 
weldments, thus making for better welding 
conditions and lower thermal treatment 
costs. 

The mechanical properties of deposited 
metal in the as-welded condition from 
E6015 electrodes, when the weld is made 
in accordance with test procedures pre¬ 
scribed in the Specifications, are shown 
in Table 2. A typical chemical analysis 
of the deposited metal is 0.08% C, 0.56% 
Mn and 0.025% silicon. 

EXX16 

The EXX16 electrodes, having a low- 
hxdrogcn potassium-type covering. h^ve 
ail of the characteristics of the EXXK 
electrodes except that an amount of po¬ 
tassium silicate or other potassium sa t 
is added to the covering to make these 
electrodes usable with a.c. as well as c., 
reverse polarity. All that has been sai 
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of the EXX15 electrodes applies equal ly 
well to EXX16 electrodes. 

EXX20 

The EXX20 electrodes, having a high 
iron oxide sodium-type covering, are de¬ 
signed to produce flat or slightly concave 
horizontal fillet welds with either a.c. or 
d.c., straight polarity and will produce 
satisfactory fillet and groove welds in 
the flat position with a.c. or d.c. either 
or both polarities, depending on the brand. 
They are characterized by a spray-type 
arc and a heavy slag, well honeycombed 
on the underside, which completely covers 
the deposit and can be readily removed. 

When normal welding currents and tech¬ 
niques are employed, penetration is said 
to be medium. However, these electrodes 
may be used with high currents, which 
result in deep penetration, particularly 
when the deep fillet welding technique is 
used. Of all types of electrodes produced, 
EXX20 and EXX30 electrodes are gener¬ 
ally considered to be the best for this 
specialized technique. 

EXX20 electrodes are essentially min¬ 
eral-covered electrodes having a high per¬ 
centage of iron oxide, manganese com¬ 
pound and silica in the covering along with 
sufficient alloys to give a deposit of the de¬ 
sired composition. The slag coverage is so 
extensive and the slag-metal reaction of 
such a nature that the electrode does not 
normally depend on gaseous protection. 
The covering is such that an iron oxide, 
manganese oxide, silica slag is usually pro¬ 
duced. Materials such as alumina, mag¬ 
nesia or sodium oxide may be present to 
modify the slag. Ferromanganese is used 
as the main deoxidizer. Sodium silicate 
is used as the binder. Quantities of basic 
oxide, acid silica and silicates and de¬ 
oxidizers must be carefully controlled to 
produce satisfactory operation and good 
weld metal. In most cases the core wire 
employed is the usual 0.10 to 0.14% carbon 
steel. Some exceptions do exist. 

Fillet welds made with EXX20 elec¬ 
trodes tend to have a flat or concave 
profile and a smooth, even ripple. In 
many cases the surface of the deposit is 
dimpled. This characteristic is affected 
by atmospheric conditions; the more re¬ 
stricted the opening in which the metal 
is deposited, the greater the tendency 
toward dimples. It is to be expected in 
practically all cases on the first few passes 
of deep groove welds; as the weld nears 


completion this tendency decreases. Many 
have noted the fact that the use of a.c. 
tends to promote this dimpled condition 
to a greater extent than direct current. 
No undesirable mechanical or physical 
defects are associated with this surface 
condition. 

Generally speaking, EXX20 electrodes 
are recomended for horizontal fillet welds 
and flat-position welding where the best 
quality is desired or radiographic stand¬ 
ards must be met. High deposition rates 
can be obtained with high quality on hori¬ 
zontal fillet and groove welds in heavy 
plate. These electrodes are not generally 
used on thin sections due to increased 
warpage resulting from the use of the 
higher currents usually employed. 

The currents and voltages shown in 
Table 2 may not apply to every brand pro¬ 
duced but will be found to be very satis¬ 
factory for most. Obviously, when mak¬ 
ing horizontal fillet welds, using the con¬ 
ventional technique, current values nearer 
the lower end of the range should be em¬ 
ployed if undercutting is to be held to a 
minimum. If the deep fillet welding 
technique is employed, higher currents arc 
used. 

Applications include pressure vessels, 
heavy machine bases and structural parts, 
where thickness of section permits. 

The mechanical properties of deposited 
metal in the as-welded condition from 
E6020 electrodes, when the weld is made 
in accordance with the test procedures 
prescribed in the Specifications, are shown 
in Table 2. 

EXX25 and EXX26 

I he EXX25 and EXX26 classifications 
have been created to provide for low- 
hydrogen electrodes for welding in the 
fiat and horizontal positions. Electrodes 
conforming to these classifications are not 
now commercially available. Develop¬ 
ments to date indicate that they will de¬ 
posit weld metal having characteristics 
similar to those of metal deposited by 
EXX15 and EXX16 electrodes and will 
have operating characteristics similar to 
EXX20 and EXX30 electrodes. The de¬ 
velopment of E6025 and E6026 electrodes 
is not contemplated and these classifica¬ 
tions have not been established. 

EXX30 

EXX30 electrodes are for flat-position 
welding using direct or alternating cur- 
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rent. Any electrode designed to fulfill 
the requirements of the EXX20 classi¬ 
fications will also fulfill the requirements 
of the EXX30 classifications. There are 
certain other electrodes with which hori¬ 
zontal fillet welding is impractical if not 
impossible, but which do operate satis¬ 
factorily in the flat position and possess 
some advantages. As a result, the EXX30 
classification is necessary. 

Since EXX20 electrodes have already 
been discussed, this discussion will in¬ 
volve only the EXX30 electrodes which 
have been designed primarily for use in 
narrow groove butt welds. 

The high iron oxide type of coverings 
employed are similar to those of the EXX- 
20 electrodes except that measures are 
taken to reduce the amount of fluidity of 
the slag, thus decreasing the possibility 
of slag interference in confined spaces. 
The slag is again essentially an iron 
oxide, manganese oxide, silica combination 
with alumina, magnesia and sodium ox¬ 
ide and other modifiers. In some elec¬ 
trodes, substantial amounts of cellulose 
are present. Ferromanganese is the prin¬ 
cipal deoxidizer, although other metals 
and ferroalloys are sometimes used. Again, 
sodium silicate is used as the binder. As 
with the EXX20 electrodes, alloys are 
usually added to the covering to give a 
deposit of the desired composition. In 
most cases, the core wire employed is 
0.10 to 0.14% carbon steel. Exceptions 
may exist. 

The slag produced, although small in 
amount and less fluid, is adequate to com¬ 
pletely cover the deposit in all passes of 
groove welds except the last one or two. 
It tends to be more dense than the EXX20 
type, but is just as readily removed. When 
using direct current, best results are 
usually obtained with reverse polarity. 
Generally speaking, this type of electrode 
is capable of showing higher deposition 
rates than EXX20 electrodes. 

Each layer of flat fillet or butt weld 
has a concave profile and a smooth, even 
ripple. The tendency for the surface of 
the deposit to be dimpled is not as pro¬ 
nounced as in the case of the EXX20 
electrodes. 

EXX30 electrodes are recomended for 
welding heavy plate in the flat position 
only. Applications include pressure vessels, 
heavy machine bases and structural parts 
where the thickness of the section permits. 


Of these, probably the greatest tonnage 
is used in the construction of pressure 
vessels where narrow, deep grooves are 
the rule rather than the exception. 

Recommended currents and voltages are 
the same as for EXX20 as shown in Table 
1 . 

The mechanical properties to be ex¬ 
pected from the deposited metal from 
E6030 electrodes, when deposited in ac¬ 
cordance with the test procedures pre¬ 
scribed in the Specifications are identical 
with those expected of E6020 electrodes. 
Likewise, the chemistry of the deposited 
metal is very similar, if not identical. 
E6030 electrodes, like the E6020 electrodes, 
are especially useful where rigid radio- 
graphic examination must be met. 

Table 3 summarizes the usability and 
operating caracteristics of mild and low- 
alloy steels discussed in this chapter. 

IRON AND STEEL GAS-WELDING 

RODS 

Iron and steel gas-welding rods are 
designed to give deposited metal of a de¬ 
sired composition. Certain allowances 
must be made in the composition of the 
rod for changes which take place during 
welding. It must be emphasized that the 
effects of the elements are interrelated 
and hence may not be treated as indi¬ 
vidually isolated cases. For example, re¬ 
covery of such elements as carbon and 
chromium depends largely upon the 
amount of deoxidizers such as manganese 
and silicon which are present. The fol¬ 
lowing discussion of the effects of various 
elements on the weld puddle and the cooled 
deposited metal relates to welding rods 
which contain appreciable amounts of de¬ 
oxidizers. 

Carbon in general, is a strengthening 
element but causes a corresponding de¬ 
crease in ductility. In oxy-acetylene weld¬ 
ing, carbon may be controlled to a cer¬ 
tain extent by adjustment of the welding 
flame. The use of an oxidizing flame 
causes reaction of the carbon in the molten 
weld metal with the excess oxygen, with 
resultant evolution of carbon monoxide 
gas which causes lower carbon in the 
weld and may cause a porous deposit. A 
reducing flame, on the other hand, intro¬ 
duces carbon into the filler metal as a 
product of the decomposition of acetylene. 

In addition, under a reducing flame, carbon 
is introduced into a narrow surface zone 
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of the heated base metal, lowering the 
melting point and resulting in melting less 
base metal. The recovery of carbon in 
the range up to 0.20% under a neutral 
flame is usually 100% provided deoxi¬ 
dizers are present. 

Manganese and silicon act as deoxi¬ 
dizers in the molten filler metal. The sili¬ 
con is the prime deoxidizer and serves to 
protect carbon and other readily oxidiz- 
able additions. Manganese is added to in¬ 
crease the activity of the silicon and to 
aid in the formation of a fluid slag. In 
the presence of manganese, silicon becomes 
a more powerful deoxidizer because of the 
formation of a stable highly fluid man¬ 
ganese silicate which floats to the sur¬ 
face of the melted metal and serves to 
prevent appreciable oxidation by the at¬ 
mosphere surrounding the weld. The 


a neutral flame. Manganese also aids in 
controlling the effects of sulfur by form¬ 
ing manganese sulfide inclusions. 

Phosphorus and sulfur in the welding 
rod and base metal are retained in the 
weld metal without much change although 
there is generally some elimination of 
sulfur. The specifications set a maximum 
sulfur content of 0.045% for iron and 
steel gas-welding rods. Sulfur is particu¬ 
larly harmful when the manganese con¬ 
tent is low. In addition, high sulfur is 
one of the main causes of porosity in 
weld metal due to evolution of gas which 
is trapped when the metal solidifies. 

Chromium and vanadium are carbide 
formers which strengthen the weld metal, 
providing welds with high tensile strength 
and good ductility. They also tend to 
aid in the formation of a viscous slag. 


Table 3—Operating Characteristics of Mild Steel and Low-Alloy Steel Electrodes 


Classifi- Current and Welding 

cation Polarity Positions 


EXX10 D. c., reverse polarity AH 

(electrode positive) 

EXX11 A.c. or d.c., reverse po- All 
larity (electrode posi¬ 
tive) 

K0012 D.c.. straight polarity All 

(electrode negative) or 
a.c. 

EXX13 A.c. or d.c., straight po- All 

larity (electrode negative) 

I'.XX15 D.c.. reverse polarity All 

(electrode positive) 

LXX16 A c. or d.c., reverse pol- All 

arity (electrode positive) 

EXX20 D.c., straight polarity H-Fillets 

(electrode negative) or a.c. and flat 
for 11 -fillets; d.c., either 
polarity or a.c. for flat 
position welding 

EXX30 D.c., either polarity or Flat only 

a.c. 


viscosity of the slag can be controlled by 
a proper balance of the manganese and 
silicon which aids in controlling the weld 
puddle. Manganese-to-silicon ratios vary 
from 4:1 to 1.5:1 depending on the in¬ 
tended use of the welding rod. Another 
advantage of these deoxidizers is that 
the reflection of light from the slag and 
the molten steel is different so that laps 
and incomplete fusion or slag pockets 
are easily noticed and may be worked out 
of the puddle. Recovery of the elements 
varies, but in general about 65% of the 
manganese and 50% of the silicon present 
in the rod are recovered in the weld under 


Type of 
Covering 

Penetra¬ 

tion 

Surface 

Appearance 

Slag 

High- 

cellulose 

sodium 

Deep 

Flat, wavy 

Thin 

High- 

cellulose 

potassium 

Deep 

Flat, wavy 

Thin 

High-titania 

sodium 

Medium 

Convex, 

rippled 

Heavy 

High-titania 

Shallow 

Flat or con- 

Medium 


potassium cave, slight 

ripple 


Low hydro¬ 
pen sodium 

Medium 

Flat, wavy 

Medium 

Low- 

hydrogen 

Medium 

Flat, wavy 

Medium 

potassium 




High iron 
oxide 

Med iu m 

Flat or 

Heavy 


concave, 

smooth 



High iron 
oxide 

Shallow 

Flat, smooth 

Heavy 


This is desirable in applications, such as 
pipe welding where high strength is re¬ 
quired and good control of the welding 
puddle is needed. Recovery of chromium 
is approximately 80 to 85% of the metal 
contained in the rod when melted under 
a neutral flame. Vanadium recovery is 
approximately 95%. Both elements 
should be protected by a deoxidizer. 

Molybdenum and nickel are both used 
as strengthening additions. They are 
transferred from the rod to the weld with 
no losses and do not appreciably change 
t le characteristics of the molten puddle 
when present in small amounts. Molyb- 
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denum helps to prevent hot cracking, while 
nickel in amounts up to 1% causes a more 
fluid puddle. 

Recent work indicates that excessive 
heating during the welding operation ad¬ 
versely influences the impact strength of 
gas welds. It has been suggested that 
the use of special alloy welding rods not 
subject to excessive grain growth will 
partially overcome the effects of over¬ 
heating and improve the impact properties 
of the welds. Low impact strength also 
may be corrected by depositing the weld 
metal in a number of small string beads 
instead of wide weave beads. The work 
indicates the need for use of welding rods 
of special composition for all weldments 
requiring good impact strength. 


commonly used for general-purpose work. 
Electrodes may be obtained in any com¬ 
position desired to suit specific require¬ 
ments of a job. 

Aluminum and aluminum-alloy metal- 
arc welding electrodes have been de¬ 
veloped for use with direct current pref¬ 
erably in the flat position although some 
welding is done in the vertical position. 
Which polarity to use is determined by 
test or experience for each joint. 

Other metal-arc welding processes, in¬ 
cluding carbon-arc, inert-gas metal-arc 
and atomic-hydrogen welding, involve th 
use of welding rods of the same compo¬ 
sitions as described above, except that 
the rods are not coated and, except for 
inert-gas metal-arc welding, a suitable 
flux must be used. 


ALUMINUM AND ALUMINUM- 
ALLOY FILLER METAL 

On thin material (less than Vie-in. 
thick) the base material is frequently 
flanged and the flange melted into the 
joint as a source of filler metal. On 
heavier materials, welding rod in the 
form of wire is almost universally applied. 
Commercially pure aluminum and alumi¬ 
num-manganese alloy are welded with 
commercially pure aluminum wire. Gen¬ 
eral-purpose welding on other aluminum 
alloys is done with 95% Al-5% Si alloy 
wire. These two alloys are standard and 
are used except where special filler metal 
must be used to obtain resistance to spe¬ 
cific chemicals or to match colors on parts 
that are processed with subsequent oxide 
coatings. Such cases usually require testing 
of special filler metal and consultation 
with the manufacturer of the parent alloy 
is suggested. 

The use of high purity aluminum to ob¬ 
tain resistance to certain types of chemical 
attack is frequently encountered. In 
those cases, use of filler metal of at least 
as high purity as the parent material is 
essential to obtain maximum resistance 
to corrosion in the welded joints. 

Arc Welding 

Shielded metal-arc welding is usually 
done with covered electrodes conforming 
to AWS-ASTM Specifications for Alumi¬ 
num and Aluminum Alloy Metal-Arc 
Welding Electrodes (see Chapter 61). 
These specifications cover electrodes of 
commercially pure aluminum and the 95% 
Al-5% Si alloy; the latter is the most 


Gas Welding 

Gas-welding rods are usually of either 
pure aluminum or the 95% Al-5% Si 
alloy with rods of special analyses used as 
required for specific applications. A suit¬ 
able flux is always used. 

Foundry Welding of Castings 

All of the welding processes are used 
in the foundry for salvaging cast parts 
that have local defects such as misruns, 
porous or unsound spots, or lack of fill¬ 
ing on bosses and ribs. In this case, filler 
metal of the same composition as the 
base metal is almost universally used for 
welding. Frequently, the foundry will 
make cast welding rod for this purpose 
although filler metal of the same com¬ 
position as many of the standard and fre¬ 
quently used casting alloys is available. 


CORROSION-RESISTING 
CHROMIUM AND CHROMIUM- 
NICKEL ELECTRODES 


Arc-welding electrodes which deposit 
-rous weld metal containing more than 
& chromium and less than 50% nl ^ r ^5 
e considered within the scope of A\ 
STM Specifications for Corrosion Re- 
ting Chromium and Chromium-Nickel 
ectrodes. Because of the corrosion- 
d heat-resisting properties of these ai¬ 
rs, the specifications are frequently rc- 
-red to as the stainless electrode spec 

ations. . c 

The tests required by these specificati 

tssify the electrodes, first, as to com- 

sition. and second, as to usable pos. 
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tions of welding. By standardizing the 
weld metal compositions, which are deter¬ 
mined by chemical analysis, uniformity 
of service performance in corrosion re¬ 
sistance is assured. Interchangeability of 
electrode brands having the same series 
number is assured by requiring them to 
meet usability standards in various weld¬ 
ing positions and to pass an all-weld- 
metal tension test for quality. 

Weld Metal Compositions 

Over the past thirty years, the develop¬ 
ment of stainless steels in various labora¬ 
tories has resulted in many different com¬ 
positions most of which are readily weld¬ 
able and require suitable arc-welding elec¬ 
trodes. Fortunately a single electrode 
composition is generally suitable for weld¬ 
ing a variety of stainless steels. Chapters 
30 and 31A indicate the variety of stainless 
steel base metals which are presently 
standardized by the steel suppliers. 

The electrodes covered by the specifica¬ 
tions arc classified as to composition as 
follows: 

E308 Electrodes. —By far the greatest 
amount of stainless electrodes used con¬ 
forms to this series of classifications com¬ 
monly designated the 19-9 electrodes. 
The familiar 18—8 chromium-nickel alloy 
has many modifications which are welded 
with the E308 electrodes. By specifying 
that the weld metal shall have a suitable 
maximum carbon content and suitable 
minimum chromium and nickel contents, 
the E308 electrodes can be used for all 
AI SI wrought stainless steels—Types 301 
to 308 inclusive—and for the ACI Cast¬ 
ing Types CF-8, CF-20 and HF. 

E309 Electrodes. —For more rigid serv¬ 
ice requirements where higher chromium 
and nickel contents are required, this so- 
called 25—12 electrode is applicable. Its 
composition corresponds to that of 
wrought stainless steel of Type 309 and 
the CG-12, CH-10, CH-20 and HH cast¬ 
ings. Occasionally for specific applica¬ 
tions, columbium is added to stabilize the 
alloy, in which case the E309 electrode 
should be similarly modified. Because of 
its higher alloy content it is frequently em¬ 
ployed in welding 18-8 clad steels so that 
the fusion with the mild steel backing will 
not dilute the weld metal composition 
below that of the alloy cladding. 

E310 Electrodes. —These very popular, 
^o-called 25-20 electrodes, are used more 
for special applications than for welding 


the corresponding wrought Type 310 and 
cast CK—20 and HK steels. When used 
for welding carbon steels or low-alloy 
steels, a strong and ductile weld is ob¬ 
tained. For this reason, these electrodes 
have been used widely for welding armor 
plate, particularly naval armor in heavy 
sections. The welding of low-alloy, 
hardenable steels with this type of elec¬ 
trode is simplified by the fact that it is 
usually unnecessary to use preheat or 
postheat treatment, even for very harden¬ 
able steels. These electrodes are also 
used for joining stainless to mild steel 
and stainless clad steels. For molyb¬ 
denum- or columbium-bearing stainless 
clad steel, modified F310 electrodes are 
made by introducing the required molyb¬ 
denum or columbium through the electrode 
covering. 

E316 and E317 Electrodes. —The intro¬ 
duction of molybdenum to ordinary 18—8 
stainless steel makes the alloy more re¬ 
sistant to the corrosive attack of many 
organic acids, brine and sulfurous and 
sulfuric acids. Two molybdenum alloys 
are standard, one containing about 2% and 
the other from 3 to 4% molybdenum. For 
this reason two electrodes are specified to 
match the compositions of the correspond¬ 
ing wrought alloys, Types 316 and 317. 
'I'he E316 electrodes are also applicable 
for welding the cast CF-8M and CF-12M 
alloys. Besides improving the corrosion 
resistance, the introduction of molyb¬ 
denum gives the alloy improved creep 
properties at elevated temperatures. Oc¬ 
casionally E316 electrodes are applicable 
for certain welds involving the so-called 
superalloys used in gas turbines ; for such 
applications, however, special electrode 
compositions containing tungsten, colum¬ 
bium, molybdenum and cobalt are usu¬ 
ally required. Stabilized Type 316 al¬ 
loys containing columbium (now desig¬ 
nated Type 318) are available which are 
welded with comparable electrodes with 
columbium added through the coating. 
Stabilization is also being accomplished by 
reducing the carbon content to below 
0.03% and for such steel the columbium- 

bearing electrodes are usually recom¬ 
mended. 

E330 Electrodes. —The iron-base alloy 
having the highest nickel content is the 
Type 330 alloy containing 15 Cr-35 Ni. 
This alloy is more frequently supplied in 
cast form, designated HT, than the 
wrought Type 330 and is popular for fur- 
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nace parts and other heat and scale-resist¬ 
ing applications. The use of E330 elec¬ 
trodes is usually limited to the welding of 
similar compositions. 

E347 Electrodes .—The introduction of 
columbium or titanium for the stabiliza¬ 
tion of austenitic alloys against inter¬ 
granular corrosion is discussed in Chapter 
31. E347 electrodes match the composition 
of the columbium-stabilized stainless steels, 
designated as Type 347 in wrought form 
and CF-8C in cast form. They are also 
used for welding the titanium-stabilized 
steels, Type 321, since titanium-bearing 
electrodes are virtually unavailable due 
to the extreme difficulty in transferring 
sufficient titanium across the arc for 
stabilization purposes. Equally satisfac¬ 
tory E347 electrodes are prepared in either 
of two ways: the core wire may be Type 
308 (without columbium) with the re¬ 
quired columbium added through the elec¬ 
trode covering, or the core wire may be 
Type 347 (having somewhat higher than 
normal columbium to compensate for arc 
losses) on which a standard covering is 
applied. 


content is usually between 15 and 17%, 
and with its low carbon content, the alloy 
consists of martensite and nonharden- 
able ferrite. As the chromium increases, 
the non-hardenable ferrite constituent in¬ 
creases and the strength, ductility and 
impact properties suffer, while the cor¬ 
rosion resistance improves. A satisfac¬ 
tory balance for many applications is 
achieved at about 16% chromium, and 
consequently this is one of the most 
widely used of the straight chromium 
steels. Because of its partially harden- 
able nature, preheat and a postheat treat¬ 
ment must be applied when welding with 
E430 electrodes. Electrodes having higher 
chromium contents, up to 28% are also 
available but because of their limited 
application they have not been included 
in the specifications. 

E502 Electrodes .—Although not a stain¬ 
less steel in the usual sense, the 5% chro¬ 
mium-molybdenum steel is widely used 
in refinery pipe lines for its corrosion 
resistance to hot, sour, crude oils and its 
strength at elevated temperatures. It 
is an extremely hardenable steel and there- 


Table 4—Usable Positions and 


Types of Current for Chromium and Chromium-Nickel 
Electrodes 


'---Direct Current----Alternating Current- 

Flat and Vertical Flat and Vertical 

Usability Horizontal and Horizontal and 

Designation Fillet Overhead Fillet Overhead 


-15 

All 

sizes 

-16 

All 

sizes 

-25 

AH 

sizes 

-26 

All 

sizes 


6 /i? in. and smaller 
6 /a* in. and smaller 
Not recommended 
Not recommended 


Not recommended 
All sizes 

Not recommended 
All sizes 


Not recommended 
6 /a: in. and smaller 
Not recommended 
Not recommended 


E410 Electrodes .—The 12% chromium 
steel is the lowest alloy steel which is 
within the commonly considered stainless 
steel group. It is a hardenable steel and 
popular for many corrosion and elevated 
temperature applications, such as in power 
plants and petroleum refineries. The 
E410 electrodes when used to weld Types 
405, 410 and 414 wrought steels and 
Type CA-15 cast steel require preheat 
and postheat treatments for most en¬ 
gineering purposes. Frequently electrodes 
of this classification are used for surfacing 
mild steel parts to resist corrosion, erosion 
and abrasion, such as occur in valve seats 
and other valve parts. 

E430 Electrodes .—Type 430 wrought 
steel is most frequently employed for its 
corrosion-resistance to oxidizing mineral 
acids such as nitric acid. The chromium 


fore preheat and postheat treatments are 
required when welding with E502 elec¬ 
trodes. For increased corrosion resistance 
the chromium may be increased, resulting 
in two modifications, one containing about 
7% and the other about 9% chromium. 
Electrodes are also available for both of 
these steels. 

Usability Characteristics and Types 
of Coverings 

The Specifications recognize the various 
types of coverings by requiring a fillet- 
weld test in all of the usable conditions 
and with each usable type of current. 
Four usability classifications, as shown 
in Table 4, are thus defined, each desig¬ 
nated by a two-digit number f oII owmg 
the composition designation (e.g. E30S- 

15). 
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The terms lime, lime-titania and titania 
are frequently used to designate various 
types of coverings for stainless electrodes. 
In general, a lime-type covering is one 
whose mineral ingredients comprise chiefly 
limestone and fluorspar with only minor 
amounts (up to about 8%) of titanium 
dioxide. Coverings containing more than 
20% titanium dioxide are usually con¬ 
sidered as the titania type and those 
between 8 and 20% are considered to 
be the lime-titania type. 

Lime Type .—The basic lime type cover¬ 
ing is usually applicable for electrodes 
operating on d.c., reverse polarity only. 
In the flat position, the bead ripples are 
less uniformly spaced and the fillet weld 
contours are more convex than with the 
titania type. In the vertical position 
this type of electrode is usually preferred 
because smooth uniform welds can be 
made easily. Fully austenitic chromium- 
nickel welds from lime-type electrodes 
show considerably less tendency to crack 
or fissure than those from titania-type 
electrodes. The -15 classification is usu¬ 
ally applicable to lime-type covered elec¬ 
trodes. 


reinforcement. If they qualify as an all¬ 
position electrode, they may be designated 
-16; otherwise they fall in the -26 classi¬ 
fication. 

Titania-type electrodes are also avail¬ 
able for d.c., reverse polarity only. They 
are usually designed to meet the -25 
classification for use only in the flat and 
horizontal fillet positions, so that full 
advantage can be taken of the charac¬ 
teristics imparted by the titania minerals. 

Lime-Titania Type .—This covering type 
is more often applied to the straight 
chromium or chromium-molybdenum steels 
than to the chromium-nickel steels. De¬ 
pending on the remaining ingredients, 
electrodes with this type of covering may 
be used with d.c. only or on both a.c. and 
d.c.; they may be all-position electrodes 
or restricted for use in the flat position. 

Tables of usable currents and voltages 
are not incorporated for they may vary 
widely for different brands conforming 
to the same classification. 

Mechanical Properties 

The specifications specify minimum ten¬ 
sile strength and elongation for each 


Table S—Typical Mechanical Properties of Chromium and Chromium-Nickel Weld Metal® 

(All-Weld-Metal Specimens) 



E308 

E309 

E310 

E316 

E330 

E347 

E4106 

E4306 

E502 6 

Yield strength, psi. 

58,000 

58,000 

55,000 

55,000 

52,000 

00,000 

45,000 

53,000 

34,000 

Ultimate strength, psi. 

88,000 

88,000 

85,000 

82,000 

85,000 

90,000 

80,000 

80,000 

72,000 

Elongation in 2 in., % 

40 

40 

40 

40 

35 

35 

32 

27 

35 

Reduction in area, % 

50 

50 

45 

45 

45 

45 

65 

65 

65 

Brinell hardness 

150 

150 

150 

150 

150 

160 

160 

165 

130 


° As-vrelded, except as indicated. 
b After heat treatments as follows: 

Ii410—1550 to 1650°F. for 2 hr., furnace cooled 50° per hr. to 1100°F., air-cooled. 
E430—1400 to 1450°F. for 4 hr., furnace cooled 100° per hr. to 1000°F., air-cooled. 
E502—1550°F. for 2 hr., furnace cooled 50° per hr. to 1200°F., air-cooled. 


Titania Type .—For a.c. welding, the 
covering always contains some titania, 
usually sufficient to classify it as a titania 
type. In addition, readily ionizing ele¬ 
ments, such as potassium, are added for 
arc stability. Such electrodes are desig¬ 
nated a.c.-d.c. electrodes, and although 
adjusted to make them usable with a.c., 
they are more frequently used with d.c., 
reverse polarity. They are used in prefer¬ 
ence to the lime-type electrodes for flat- 
position welding, particularly for smooth 
concave fillet welds or for butt welds 
which require finish grinding, because of 
the ease with which the welder can de¬ 
posit uniform metal with a minimum of 


electrode. All-weld-metal tension speci¬ 
mens are specified because the properties 
of the weld metal thus determined are 
uninfluenced by the characteristics of the 
base metal. The properties of the chro¬ 
mium-nickel alloys are usually tested in 
the as-welded conditions and the straight 
chromium or chromium-molybdenum steels 
are usually tested after suitable postheat 
treatments. Typical mechanical proper¬ 
ties are shown in Table 5. 

Corrosion Resistance 

In the annealed condition, stainless 
steel weld metal is usually comparable 
to wrought or cast stainless steel from 
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the standpoint of corrosion resistance. 
In many applications, however, welds are 
placed in corrosion-resisting service in 
the as-welded or in the stress-relieved (or 
stabilized) condition. Certain corrosive 
media may attack the welds more rapidly 
than the base metal, so that unless service 
experience is already available, it is 
usually desirable to conduct some type of 
corrosion test of the welds. The com¬ 
monly used tests are described in Chapter 
31A. Typical corrosion test data on all¬ 
weld-metal specimens subjected to the 
Huey (boiling 65% nitric acid) Test are 
given in Table 6. 


Table 6—Typical Corrosion Rates of Corrosion- 
Resisting Weld Metal in Boiling 65% Nitric 

Acid 


Average of Five 48-Hr. Periods; Penetration per 

Month, In. 


It308 E316 E347 E430 

As-welded 0.0013 0.0015 0.0010 _ 

Sensitized* 1 0.0151 0.020 0.0051 _ 

Quench anneal & 0.0006 0.0008 0.0007 .... 

Subcritical 

anneal c .... .... .... 0.0045 

* 1200°F. for 4 hr., air-cooled. 

b 1950°F. for 15 min., water-quenched. 

e 1450°F. for 4 hr., furnace-cooled 100°F. per 
hr. to 1000°F., air-cooled. 

CORROSION-RESISTING 
CHROMIUM AND CHROMIUM- 
NICKEL WELDING RODS 

The oxy-acetylene, atomic-hydrogen, 
inert-gas and submerged-arc welding proc¬ 
esses are all applicable to joining chro¬ 
mium-nickel and straight chromium steels 
and frequently require added fdler metal. 
Welding rod in the form of wire varying 
from 1 / io to 3 /ia in. in diam., straightened 
and cut to 36-in. lengths, is supplied for 
these welding processes. For submerged- 
arc welding, coils of wire weighing from 
20 to 50 lb. and from 12 to 20 in. in diam. 
arc usually specified. 

The composition of the wire for weld¬ 
ing rods is generally comparable to that 
used for electrode core wire. Since the 
wire is furnished without a covering, all 
of the alloying elements required in the 
weld metal must be present in the wire. 
If unusual losses of elements occur during 
welding, compensation for these losses 
must be supplied by increasing the alloy 
content of the wire. 


For submerged-arc welding involving 
materials of similar composition, the core 
wire may be of comparable composition, 
but it usually contains somewhat higher 
chromium to compensate for oxidation 
losses. When dissimilar metals are welded 
such as stainless steel to mild steel or to 
stainless clad steel, not only the oxidation 
losses but also the dilution losses must be 
considered in selecting the welding rod 
alloy. Chromium oxidation losses have 
been estimated at about 10% of the 
chromium content, assuming equal chro¬ 
mium oxidation in the fused base metal 
and in the filler metal. For estimating 
dilution effects, the amount of fused 
base metal must be determined. These 
welding rods are not presently covered 
by any AWS-ASTM filler-metal speci¬ 
fication. 

NICKEL AND HIGH-NICKEL 
ALLOY FILLER METAL 

General 

This section deals with filler metals 
containing over 50% nicKel. They are 
normally used to join nickel and the 
high-nickel alloys described in Chapter 
35, either to themselves or in dissimilar 
metal combinations. Nickel or Monel 
filler material is also used to join cast 
iron to itself or to other metals. 

A filler material having the same nomi¬ 
nal composition as the base material to be 
welded is usually selected. In welding 
dissimilar metal combinations, a filler 
material having compatible metallurgical 
characteristics is essential. 

Coated arc-welding electrodes are avail¬ 
able in sizes ranging from V« (or 0.075) 
to 7,o inch. Diameters of 7« in. or 
larger are available in some alloys, but 
their use is generally limited to surfacing 
applications. 

Welding rods for gas welding, atomic 
hydrogen welding, inert-gas metal-arc or 
submerged-arc welding are available in 
varying sizes from 0.035 to V* in* in 
straight 36-in. lengths or in coils. . 

AWS-ASTM specifications for nickel 
and nickel-alloy filler metal were not 
available at the time this section was 
being written ; in their absence, the follow¬ 
ing paragraphs will discuss nickel an 
nickel alloy filler material, classifying 
each on the basis of nominal composition 
of the core wire. 
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Nickel 

Nickel arc-welding electrodes are used 
for welding nickel, Duranickel, and 
nickel-clad steels to themselves or to 
carbon steel, stainless steel and other nickel 
alloys. They are used also to join copper- 
containing alloys like Monel or 70/30 
cupro-nickel to a ferrous material like 
carbon steel or stainless steel. Nickel 
electrodes are designed for use with d.c., 
reverse polarity and can be used in all 
welding positions. The molten weld 
metal under the arc is not extremely 
fluid but must be manipulated very skil¬ 
fully to obtain proper weld contour; in 
this respect nickel electrodes are unlike 
carbon steel and stainless steel electrodes. 
The resulting weld will have more pro¬ 
nounced ripples than are formed in steel 
welds, but if properly made, will be 
sound and have mechanical properties 
similar to those of annealed nickel plate 
material. The weld metal cannot be 
age-hardened by heat treatment therefore 
welds in Duranickel will not respond to 
heat treatment as does the base material. 

Nickel welding rods are used, without 
flux, to gas weld nickel to itself or to 
steels or stainless steels. A reducing 
flame is employed (excess acetylene). 
Welding rods are also produced specifi¬ 
cally for atomic-hydrogen welding and 
for inert-gas metal-arc welding. Nickel 
welding rod in coils is used in submerged 
arc welding of nickel with clean, com¬ 
mercially obtainable fluxes. 

Monel 

Monel arc-welding electrodes arc used 
for joining Monel to itself or to copper- 
nickel alloys, “R” Monel or “KR" Monel. 
1 liese electrodes are designed for use with 
d.c., reverse polarity, and can be used 
in all welding positions. These electrodes 
have a modified spray-type arc with sur¬ 
prisingly deep penetration qualities. The 
molten weld metal under the arc is quite 
fluid and good weld contours are obtained 
easily. A special Monel electrode for join¬ 
ing Monel to carbon, stainless or Monel- 
clad steel without cracking is available. 
Deposited Monel weld metal is slightly 
harder and stronger than annealed Monel 
plate material, but it cannot be hardened 
by heat treatment. 

Monel welding rods are available for 
gas welding Monel to itself or to other 
nickel-copper alloys. A flux is recom¬ 


mended and a reducing flame is employed. 
Monel welding rods are used also as 
filler material for atomic hydrogen, inert- 
gas metal-arc welding and submerged arc 
welding. A clean commercial flux is used 
with submerged arc welding. 

Nickel and Monel Electrodes for 

Welding Cast Iron 

Nickel- and nickel-alloy-cored elec¬ 
trodes are available for welding cast iron 
or for joining cast iron to other ferrous 
materials or to nickel alloys. These are 
available for use with either d.c. or a.c. 
and can be used in any welding position. 
The arcing characteristics and the ease 
of handling of these electrodes are excep 
tionally good, comparing very favorabh 
with other types of electrodes. The 
resulting weld deposits contain consider¬ 
able iron and carbon and are not as ductile 
as nickel weld metal, but are sufficient In¬ 
ductile as compared to cast iron. These 
electrodes should never be used for joining 
nickel or nickel alloys to themselves. 

In the past, Monel-cored electrodes 
have been used for welding cast iron. 
W bile they still are being used to a limited 
extent, the cracking phenomenon occurring 
when ferrous materials are melted to¬ 
gether with copper-containing materials is 
an ever-present liability. The nickel-cored 
welding electrodes described above are 
considerably more satisfactory. 

“K” Monel 

“K” Monel arc-welding electrodes and 
welding rods are available for welding of 
“K” Monel. In operation, they behave 
much like Monel electrodes with the 
exception that the weld deposit will re¬ 
spond to beat treatment. 

Inconel 

Inconel arc-welding electrodes are de¬ 
signed for use with d.c. or a.c. and for 
all-position welding. They are used for 
joining both Inconel and Inconel “X” 
to themselves or to stainless steels. The 
arcing characteristics of Inconel elec¬ 
trodes are excellent and similar to those 
of austenitic stainless steels. 

Inconel welding rods are used with a 
boron-free flux and a slightly reducing 
flame in gas welding for the same applica-* 
tions as the arc-welding electrodes. In¬ 
conel welding rods are used for automatic 

submerged arc welding with commercially 
obtainable flux. 
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80/20 Nickel-Chromium 

Arc-welding electrodes of 80% nickel- 
20% chromium are designed for use 
with d.c. or a.c. and can be used in all 
welding positions. They are used for 
joining 80% nickel—20% chromium alloy 
and other similar nickel-chromium ma¬ 
terials, as well as for joining Inconel 
and Inconel “X” to steel. 

They are particularly useful in welding 
the Inconel side of Inconel-clad steels. 
The pickup of iron by dilution of the mol¬ 
ten weld metal with steel of the backing 
material produces a chemical composition 
similar to that of the original Inconel. 

Other Nickel-Chromium Compo¬ 
sitions 

Arc-welding electrodes are available 
for joining other nickel-chromium heat- 
resisting alloys; thereby the chemical 
compositions of the deposited material 
matches those of the materials welded. 
Most of these electrodes are designed for 
use with d.c., reverse polarity and can be 
used in all welding positions. 

Hastelloys 

Welding rods and electrodes of the 
same nominal chemical composition as 
the base metal are used for oxy-acetylene 
or arc welding the Hastelloy alloys.. 

Hastelloy alloy welding rods are gen¬ 
erally used with a special flux and are 
applied with a slightly reducing flame 
in oxy-acetylene welding; they are used 
also as filler metal for atomic hydrogen 
and for inert-gas metal-arc welding. 

Hastelloy alloy electrodes are designed 
for use with d.c., reverse polarity. These 
electrodes can be used in all welding posi¬ 
tions, but, since the molten weld metal 
under the arc is not particularly fluid, 
it must be manipulated with care to ob¬ 
tain a proper weld contour. Welding rods 
of Hastelloy Alloys B and C are also 
available for use in submerged arc weld¬ 
ing. These filler metals may be used to 
join the Hastelloy alloys to themselves or 
to ferrous or stainless materials. 

Illium 

Coated Illium arc-welding electrodes 
' are available in one size only,7s-in. diam. 
by 18 in. long. Cast Illium gas-welding 
rods are available in all of the standard 
sizes for welding the Illium alloys. They 
are of the same nominal composition as 


the base material to be welded. The 
arc-welding electrodes are designed for 
use with d.c., reverse polarity. The 
welding rods are used with a slightly 
reducing flame, and a cast-iron-type flux. 

COPPER AND COPPER-ALLOY 
ARC-WELDING ELECTRODES 

Copper and copper-alloy electrodes con¬ 
forming to the AWS-ASTM Specifica¬ 
tions for Copper and Copper-Alloy Metal- 
Arc Welding Electrodes are listed in 
Table 7, which includes the common names 
and the minimum mechanical properties 
of the classifications established by the 
foregoing specifications. The chemical 
analyses of these electrodes will be found 
in Table 1 of the specifications in Chapter 
61. 

A discussion of each of the classifica¬ 
tions follows. 

Copper (ECu) 

Copper electrodes are made with de- 
oxidized-copper core wire. The copper 
is usually deoxidized with phosphorus, 
but silicon or other metals may be used. 
These electrodes are used for welding 
electrolytic or deoxidized copper when the 
weld metal must closely match the prop¬ 
erties of the base metal. Welds will 
generally equal wrought copper in their 
corrosion resistance. The electrical con¬ 
ductivity of the weld metal is about equal 
to deoxidized copper or 75% of electro¬ 
lytic copper. The strength and elongation 
of the weld metal can be improved by 
cold-working, peening or rolling, followed 
by annealing at 900 to 1000°F. for a few 
minutes. 

Electrolytic copper has the highest 
heat conductivity of all the commonly used 
metals. Deoxidized copper is next, with 
75 to 85% of the conductivity of electro¬ 
lytic copper. In order to shielded metal- 
arc weld these metals with ECu electrodes, 
it is necessary to preheat the weld zone 
from 800 to 1000°F. The joint should 
be prepared with a 90-deg. vee groove, a 
wide root opening and a copper or carbon 
backing. 

Most ECu electrodes are designed to 
work on d.c., reverse polarity. The cur¬ 
rent used is always higher than would 
normally be required for carbon steel elec¬ 
trodes of the same diameter. The elec¬ 
trode manufacturer’s recommendations for 

current and voltage should be followed. 
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Phosphor Bronze A (ECuSn-A) 

These low-tin, copper-alloy electrodes 
contain about 5% tin and are deoxidized 
with phosphorus. They are commonly 
used for welding copper, bronze, brass 
and occasionally, for overlaying steel. 
ECuSn-A electrodes are also used for 
welding cast iron. The weld metal has 
a tensile strength of 40,000 psi. which 
provides a margin of safety for welding 
copper, where the presence of tin in the 
weld metal is not objectionable. 

When welding copper with ECuSn-A 
electrodes, the work should be preheated 
to about 700 C F.; for surfacing steel, about 
500°F. preheat is satisfactory; on phos¬ 
phor bronze, 300 to 400° F. is satisfactory. 


inally 70% copper and 30% nickel and 
were developed primarily for welding 
copper-nickel base metals. The weld 
metal develops approximately the same 
strength as annealed copper-nickel plates 
or sheets. 

When shielded metal-arc welding thin 
sheets, a copper backing is used. For 
heavier sections, a 60-deg. vee groove is 
satisfactory although a double-vee groove 
is preferred. The copper-nickel alloys are 
hot-short, so preheating should not be 
used. The interpass temperature should 
be kept below 150°F. 

ECuNi electrodes are used with d.c., 
reverse polarity. Manufacturer’s recom¬ 
mendations for values of current and volt¬ 
ages should be followed. 


Table 7—Mechanical Properties of Copper and Copper-Alloy Electrodes 


Common 

Name 

AWS- 

ASTM 

Class 

Milting 

Point, 

°P. 

Tensile 
Strength, 
Min., Psi. 

— Mechanical 
Yield Strength 
0.5% Ext., 
Min., Psi. 

Properties- 

Elongation, 
in 2 In., 

% 

Brincll 

Hardness 

Copper 

Phosphor Bronze A 

ECu 

ECuSn-A 

1972 

1922 

25,000 

40,000 

Not specified 
20,000 

20 

15 

Not specified 
70 to 85 

Phosphor Bronze C 

ECuSn-C 

1880 

45,000 

25,000 

12 

(600 kg.) 
85-100 

Copper-nickel 

Copper-silicon 

ECuNi 

ECuSi 

2237 

1800 

45,000 

40,000 

25,000 

20,000 

25 

20 

(500 kg.) 

Not specified 
80-100 

Aluminum bronze 

ECuAl-A 

1910 

65,000 

30,000 

15 

(500 kg.) 
130-160 

Aluminum bronze 

ECuAl-B 

1903 

70,000 

35,000 

10 

(3000 kg.) 
160-210 

Aluminum bronze 

ECuAl-C 

1900 

75,000 

40,000 

4 

(3000 kg ) 
210-260 

Aluminum bronze 

ECu AI D 

1893 

65,000 

45,000 

Not specified 

(3000 kg.) 
260-310 

Aluminum bronze 

ECuAl-E 

1890 

70,000 

50,000 

Not specified 

(3000 kg.) 

310-365 
(3000 kg.) 


ECuSn-A electrodes are designed for 
both d.c. and a.c. operation. The current 
used depends on the base metal, its 
thickness and the amount of preheat. 
Manufacturers’ recommendations as to 
current and voltage should be followed. 

Phosphor Bronze C (ECuSn-C) 

These electrodes nominally contain 8% 
tin. They are generally used for the 
same type of work as the ECuSn-A elec¬ 
trodes. I heir better strength and higher 
hardness make them preferable for weld¬ 
ing the higher strength bronzes and for 
overlaying steel. Welding procedures are 
the same as for ECuSn-A electrodes. 

Copper-Nickel (ECuNi) 

The copper-nickel electrodes are nom- 


Copper-Silicon (ECuSi) 

The copper-silicon alloys are often re¬ 
ferred to as silicon-bronzes. The core 
wire of coated electrodes is nominally 
94% copper, 3% silicon and 1% man¬ 
ganese, iron or tin. The tensile strength 
of the deposited metal is slightly lower 
than that of annealed sheets, unless con¬ 
siderable care is taken in selecting the 
welding procedure. The yield strength 
of the weld metal is usually equal to that 
of soft sheets and plates. 

Thin copper-silicon sheets require a 
copper backing. Heavier sections are 
beveled to form a 60-deg. vee and a double- 
vee is used whenever possible. 

Copper-silicon electrodes are used with 
d.c., reverse polarity. The manufacturer’s 
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recommendations for values of current and 
voltage should be followed. 

Aluminum Bronze (ECuAl-A) 

This aluminum bronze is nominally an 
alloy of 8% aluminum, 1% iron and the 
balance copper. It is the most ductile of 
the aluminum bronzes. This ductility, 
combined with good yield and ultimate 
strengths makes it particularly suitable 
for welding aluminum-bronze sheet and 
plate and manganese-bronze castings. It 
is well suited to joining dissimilar metals 
and for applying corrosion and wear-re¬ 
sistant overlays. 

Like other copper-alloy weld metals, 
aluminum bronze is quite fluid when 
molten, so thin sections are welded with 
a backing of copper or metal similar to 
that being welded. A 60-deg. vee groove 
angle and a V*-in. root opening are used 
for heavy sections; a U-groove having the 
same groove angle and a ‘A-in. groove 
radius is used where a root opening can¬ 
not be provided. A double groove is 
preferred, if it is possible to weld from 
both sides. The surfaces being welded 
must be dry and free from oxides and 
grease. Aluminum-bronze electrodes are 
generally used with d.c., reverse polarity, 
but some are coated for use on alternating 
current. For best deposit efficiency, use 
the electrodes on the low side of the 
current range recommended by the manu¬ 
facturer. 

Aluminum Bronze (ECuAl-B) 

ECuAl-B is a copper alloy containing 
9 to 10% aluminum and 3 to 5% iron. 
Of the five aluminum-bronze alloys, 
ECuAl-B has the highest strength com¬ 
bined with reasonably good ductility. It 
is used for fabricating aluminum-bronze 
weldments and for overlays on bearing 
surfaces where moderate hardness is de¬ 
sired. 

The welding procedure for ECuAl-B 
electrodes is similar to that for ECuAl-A. 

Aluminum Bronze (ECuAl-C) 

This aluminum bronze contains 10 to 
11% aluminum and 3 to 5% iron. 
ECuAl-C has the highest strength of the 
aluminum bronzes. It is used for bearing 
overlays working against hardened steel 
and for building up worn aluminum-bronze 
bearings of similar analysis. 

Because of the lower ductility of 
ECuAl-C weld metal, preheating from 


700 to 800 °F. is recommended when 
welding aluminum-bronze castings. Other 
welding characteristics are similar to 
ECuAl-A. 

Aluminum-Bronze (ECuAl-D) 

ECuAl-D aluminum bronze contains 11 
to 12% aluminum and 3 to 5% iron. 
It is a metal similar to ECuAl-C except 
for higher hardness, 260 to 310 Brinell 
(3000kg.), and slightly lower strength. 
The applications for this metal and the 
welding procedure are the same as those 
for ECuAl-C. 

Aluminum Bronze (ECuAl-E) 

This aluminum bronze, of maximum 
hardness, contains 12 to 13% aluminum 
and 3 to 5% iron. The deposited weld 
metal has a hardness of 310 to 365 Brinell. 
It is an excellent bearing metal and has 
great wear resistance. These properties 
make it particularly suitable for surfacing 
drawing and forming dies. 

The welding procedure for ECuAl-E 
electrodes is the same as for ECuAl-C. 

COPPER AND COPPER-ALLOY 
WELDING RODS 

Copper and copper-alloy welding rods 
are listed in Table 8. This table shows 
the common names of the alloys, the 
AWS-ASTM designations, the nominal 
compositions and the minimum mechanical 
properties. While no welding rod spe¬ 
cifications have been issued, it is expected 
that the classifications will follow the 
pattern established by the electrode spe¬ 
cifications. 

Copper (GCu) 

The principal requirement for copper 
welding rods is that they deposit weld 
metal which matches the corrosion resist¬ 
ance of wrought electrolytic or deoxidized 
copper. This is generally the case, if 
the copper plus silver content of the rod 
is not less than 98.5%. Small amounts of 
tin, manganese, silicon or phosphorus ma> 
be present to improve the strength and 
deoxidize the weld metal. These sma 
additions of metals, however, may reduce 
the electrical conductivity of the weld 
metal to 70% of that of electrolytic 
copper. If the electrical conductivity oi 
the weld metal is of prime importance, 
then electrolytic copper welding rod should 

be used. .. * 

GCu welding rods are generally use 
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for oxy-acetylene or inert-gas metal-arc 
welding. These high copper alloys sel¬ 
dom contain enough deoxidizers to stand 
the high temperature of the carbon arc. 
For oxy-acetylene welding, a slightly 
oxidizing flame is used. To determine 
the amount of excess oxygen to use, a 
few drops should be melted off the end 
of the copper rod onto a clean brick, car¬ 
bon block, cold piece of steel or cast iron. 
When this metal is heated with a reducing 
or excess-acetylene flame, boiling or 
bubbling will be seen and the metal may 
become gassed. The oxygen in the flame 
is slowly increased until the molten metal 
lies quietly under a thin film of oxide. 
The deoxidizer in the rod will prevent 
oxidation of the metal under the oxide 
film. The use of a welding flux will re¬ 
duce the amount of excess oxygen required 
in the flame, but may interfere with the 
deposition of the weld metal in multi¬ 
layer welds. 

Copper up to */ w -in. thick may be butt 
welded with a square groove and a root 
opening of about one-half the thickness 
of the base metal. For material 3 /i« 
through Vn-in. thick, a single 90 deg. vee 
groove with a 7i«-in. root face is recom¬ 
mended. For material over 3 / h -in. thick, 
a 90-deg. double-vee should he used, if it 
is possible to weld from both sides. A 
backing of carbon or heavy copper is help¬ 
ful; if a copper backing is used, narrow 
shims under the plates being welded 
will prevent the backing from chilling 
the weld area. 

Backhand welding is generally best 
when oxy-acetylene or inert-gas arc-weld¬ 
ing copper over 7e-in. thick. A large 
oxy-acetylene tip with low gas pressures 
should be used and the cone of the flame 
kept away from the weld pool so that 
the flame will not blow the weld metal 
out of the groove. Continuous preheating 
with another torch is required when 
welding copper over V 4 -in. thick. 

Copper Silicon (GCuSi) 

Copper-silicon alloy welding rods con¬ 
tain about 3% silicon, 1% tin, manganese 
or iron, and the balance copper. They 
are most commonly used for welding 
copper-silicon sheet and plate and for 
welding copper. The strength of the weld 
metal approximates that of soft copper- 
silicon plate or almost twice that of an¬ 
nealed copper. The corrosion resistance 
is generally equal to copper but its elec- 
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trical and thermal conductivities are about 
the lowest of the copper alloys. The 
electrical conductivity is about 6.5% of 
copper and the thermal conductivity 8.4%. 

GCuSi welding rods may be used for 
oxy-acetylene, inert-gas metal-arc and car¬ 
bon-arc welding. When welding copper- 
silicon alloys, preheating should be avoided 
since the low thermal conductivity of the 
metal makes it unnecessary and the slow 
cooling of the weld on preheated plates 
increases the probability of cracking in 
this hot-short metal. Plates 3 /ie-in. thick 
and over should be beveled to 45 deg.; 
plates over 3 / 8 -in. thick should be beveled 
from both sides. 

A slightly excess oxygen flame is used 
in oxy-acetylene welding to insure against 
gassing of the weld metal. The welding 
rods should be free from oxides or grease. 
Cleaning the rods with steel wool is help¬ 
ful if they have been in open storage for 
some time. The rods are painted with 
a water-paste of a high boric acid flux, 
or dipped in the dry flux as the welding 
progresses. As in welding all hot-short 
metals, the weld should be started 5 or 6 
in. from the end of the joint and con¬ 
tinued to the short end before proceeding 
to weld to the other end. This provides 
cold metal at the starting end to resist the 
shrinkage stresses in a long joint. 

Inert-gas metal-arc welding is being 
recognized as the best way to weld with 
GCuSi welding rods on copper-silicon 
alloys and on copper. Clean welding rods 
are essential, but no flux is necessary. 
Direct current, straight polarity is used. 
The technique for inert-gas metal-arc 
welding is similar to that for oxy-acety¬ 
lene welding. 

GCuSi welding rods have long been 
used as filler metal for carbon-arc weld¬ 
ing copper-silicon alloys and copper. The 
carbon electrode is used only with d.c., 
straight polarity. The joint is prepared 
as for oxy-acetylene welding. A dry flux 
of 9 parts fused-borax and 1 part sodium 
fluoride may be sprinkled along the joint, 
or the dry flux may be mixed in alcohol 
and painted on the joint; the flux should 
not be mixed with water. The arc should 
be directed at the weld metal, and never 
at the base metal. 

Phosphor Bronze A (GCuSn-A) 

Phosphor Bronze A is an alloy of 4 to 
6% tin, 0.03% max. phosphorus and the 
balance copper. The relatively high phos¬ 


phorus is present to supply an adequate 
deoxidizing agent for the high tempera¬ 
tures involved when carbon-arc welding. 
Welding rods of this alloy are used for 
carbon-arc welding copper where a copper- 
tin alloy weld metal is not objectionable. 
They are used on phosphor-bronze plates, 
on copper-tin-zinc castings and for over¬ 
lays on steel for bearing or corrosion re¬ 
sisting surfaces. 

GCuSn-A welding rods are used gener¬ 
ally for carbon-arc welding. The high 
phosphorus forms an excessive film on 
top of the molten metal when other weld¬ 
ing processes are used. A long arc is 
used when carbon-arc welding with this 
alloy, 3 /4-in. long for 150 amp. and 1-in. 
long for 350 amperes. A short arc creates 
a reducing atmosphere over the molten 
metal causing porosity; a long arc de¬ 
velops a neutral atmosphere and these 
gases are not absorbed by the molten 
metal. The arc should be directed at the 
weld metal and enough current used to 
weld at least 10 in. per minute. 

Phosphor Bronze D (GCuSn-D) 

Phosphor Bronze D is an alloy of 
10.5% tin, 0.03% max. phosphorus and 
the balance copper. The higher tin in this 
phosphor bronze gives it slightly higher 
strength and hardness than Phosphor 
Bronze A. It is used for about the same 
purposes as Phosphor Bronze A and has 
similar welding properties. The fact that 
its melting point is 90 °F. lower than 
GCuSn-A welding rod is a big help in 
welding copper with the carbon arc. 

Copper-Nickel (GCuNi) 

Copper-nickel welding rods are used 
almost exclusively for welding copper- 
nickel sheet or plate. They are an alloy 
of approximately 70% copper and 30% 
nickel. The low thermal conductivity of 
this metal makes it easy to weld. Since 
it is hot-short, the usual precautions must 
be taken. 

GCuNi welding rods are used only for 
oxy-acetylene and inert-gas metal-arc 
welding with techniques about the same 
as for GCuSi welding rods. For oxy- 
acetylene welding, a flux designed for gas 
welding nickel alloys should be used, no 
flux is required for inert-gas metal-arc 

welding. 

Naval Bronze (GCuZn-A) 

Naval bronze welding rod is nominally 
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a 60-40 brass (copper-zinc alloy) with 
less than 1 % tin added to improve its 
strength and corrosion resistance. Its 
electrical conductivity is about 25% that 
of electrolytic copper, and its thermal 
conductivity about 30% that of copper. 
Its corrosion resistance is about equal 
to that of the yellow brasses of this type. 

GCuZn-A welding rods are used for 
oxy-acetylene welding. Their high zinc 
content makes them difficult to use for 
carbon-arc and inert-gas metal-arc weld¬ 
ing. The most common application for 
these rods is in braze welding steel, cast 
iron and malleable iron parts. They are also 
used for gas welding brass and for braze 
welding copper, bronze, and nickel alloys. 

On steel, mill-scale and rust should be 
removed from the weld zone before weld¬ 
ing; the graphite-smear on a ground or 
smoothly machined surface should be re¬ 
moved from cast iron. The graphite- 
smear prevents bonding of the bronze with 
the cast iron and it can be removed by 
chipping, rough machining or burning off 
with an excess-oxygen, oxy-acetylene 
flame. Grease and dirt will cause a poor 
bond and porosity when braze welding 
on any metal. 

When braze welding with naval bronze 

and an oxy-acetylene torch, a neutral or 

slightly oxidizing flame is used with a 

borax and boric-acid flux which mav be 

applied to the rod or sprinkled on the 

work. Before depositing weld metal, the 

weld area is heated to a cherry red. A 

few drops of bronze-welding rod are 

melted on the work and heating continued 

until the bronze flows or tins the base 

metal. If the groove is not over 7s-in 

deep, it can be fdled in one pass. When 

applying a second pass of bronze, care 

must be taken not to reinelt all of the 

first layer; fusion of the surface of the 

first layer with the second layer is all 

that is necessary. A general preheat of 

600 to 1000 c F. may be required when 

braze welding complicated sections of cast 
iron. 

Manganese Bronze (GCuZn-B) 

Manganese bronze, like naval bronze, 
is basically a 60—40 brass (copper-zinc 
alloy) with additions of less than 1% 
each of manganese, tin and iron, which 
increase the strength, hardness and cor¬ 
rosion resistance over that of the straight 
copper-zinc alloys. Its other properties 


are quite similar to those of naval bronze. 
In addition to its use for joining steel and 
cast iron, it is widely used for building up 
bearings. 

GCuZn-B welding rods are used for 
oxy-acetylene welding, the technique being 
the same as for GCuZn-A welding rods. 

Low Fuming Bronze (GCuZn-C) 

GCuZn-C welding rods are generally 
similar to manganese bronze in composi¬ 
tion. They contain about 59% copper, 
39% zinc and less than 1% each of man¬ 
ganese, tin and iron. In addition to these 
other minor metals, they contain a small 
amount of silicon which is effective in re¬ 
ducing the fuming or oxidizing of the 
zinc, hence the name, low-fuming bronze. 
The weld metal has physical properties 
similar to manganese bronze and is ap¬ 
plied in the same way. 

Nickel Bronze (GCuZn-D) 

Nickel bronze welding rods differ from 
the others in the GCuZn group in their 
color. They are silver white and properly 
belong to the nickel silver group of copper 
alloys.. They contain about 47% copper, 
43% zinc, 10% nickel and small amounts 
of silicon and phosphorus. The silicon 
content also imparts to these welding rods 
low-fuming properties. The nickel con¬ 
tent of this alloy lowers its electrical and 
thermal conductivity to about 10% of elec¬ 
trolytic copper. 

GCuZn-D welding rods are used for 
oxy-acetylene welding, with the same 
technique as the other bronzes in this 
group except that slightly higher tempera¬ 
tures are required. They are often used 
on steel and cast iron where the white 
weld metal is a better color match than 
the yellow bronzes. 

Refer to Chapter 34 for additional in¬ 
formation on the welding of copper and 
copper alloys. 

BRAZING FILLER METAL 

General 

biller metal used in brazing is com¬ 
monly known as brazing alloy. By defini¬ 
tion a brazing alloy is a nonferrous metal 

2Lo a ;!i°y a siting point above 

?°r l '- but below that of the metals being 
joined. As pointed out in Chapter 2? 
which contains more detailed information 
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on brazing, the filler metal is always fed 
into the joint by capillary attraction.* 

A suitable brazing alloy must meet the 
following basic requirements : 

1. It should melt and flow freely 
within the desired temperature range. 

2. It should wet and adhere to the 
surfaces to be joined. 

3. It should produce joints of suffi¬ 
cient soundness, strength, toughness and 
permanence. 

4. It should meet any additional re¬ 
quirements and have any special at¬ 
tributes, such as electrical and heat con¬ 
ductivity, color, resistance to chemical 
attack and suitable fluidity as needed 
for specific service conditions. 

5. It should be available in a con¬ 
venient form for the brazing process 
and assembly for which it is to be used. 

Solidus and Liquidus, Melting and 
Flowing 

Pure metals and some alloys used as 
brazing filler metal melt at single tem¬ 
peratures or over short temperature 
ranges ; other alloys melt over wide tem¬ 
perature ranges. Within a wide range 
the alloy is slushy; part is liquid and part 
solid; and the liquid part is of a different 
composition from that of the solid part. 
The temperature at which melting starts 
on heating (or at which freezing finishes 
on cooling) is technically known as the 
solidus temperature, and the temperature 
at which melting is completed on heating 
(or at which freezing starts on cooling') 
is technically known as the liquidus tem¬ 
perature. 

It has been general practice to describe 
the melting ranges of brazing alloys by 
their melting and flow points. The melt¬ 
ing point is that temperature below which 
the alloy is substantially solid; the flow 
point is the temperature above which the 
alloy is liquid and will run or flow. Actu¬ 
ally there have been different interpreta¬ 
tions of the two terms. In accordance with 
a decision made by the American Weld¬ 
ing Society’s Committee on Brazing, the 
thermal points used in this chapter are 
the technical ones: solidus and liquidus. 

The width of the melting range and how 
the alloy melts and freezes within it ma¬ 
terially affect the behavior of the filler 
metal. Some alloys are almost completely 
liquid, they flow freely and they are regu- 

* Even when the filler metal is preplaced over 
the entire area of the joint surfaces to be bonded, 
the wetting of the surfaces by the molten alloy 
is considered to be the result of capillary action. 


larly used well below their liquidus tem¬ 
peratures. Other alloys are almost com¬ 
pletely solid below their liquidus tem¬ 
peratures, only small amounts remaining 
liquid. They must be used at or above 
their liquidus temperatures. 

The way an alloy melts is important for 
some brazing processes. Ordinarily a 
filler metal with a narrow melting range 
is desired. Such an alloy remains solid 
until the brazing temperature is reached 
at which time it melts and quickly flows 
into the joint. Furthermore, in furnace 
brazing, where heating is relatively slow, 
an alloy with a wide melting range is 
likely to be subject to liquation, part of 
the alloy melting and flowing, leaving 
an unmelted part outside the joint. On 
the other hand where the fit of the parts 
is loose an alloy with a wide melting 
range will frequently fill the joints more 
easily than one with a narrow melting 
range. 

Generally speaking, a brazing alloy will 
wet and adhere to the surfaces to be 
joined if one of the component metals of 
the brazing alloy will alloy, at least super¬ 
ficially, with those surfaces. 

Strength 

The strength of a brazed joint depends 
on the following factors: 

The strength of the members being 
joined: Generally speaking the stronger 
the members joined, the higher the strength 
of the brazed joint, the limiting value for 
the strength of the joint being the strength 
of the material joined. 

The thickness of the filler metal layer: 

In general, the thinner the layer, the 
stronger the joint. 

Hozv well the filler metal adheres to. 
or coalesces with, the members joined. 
Ordinarily the filler metal and brazing 
technique selected are such that actual 
alloying takes place with the formation of 
a strong interfacial layer. A weak brittle 
product at the interface reduces the 

strength of the brazed joint. 

How free the joint is from flux inclu¬ 
sions or voids: Obviously the strongest 
joints are those in which the bond extends 
over the entire joint area, uninterrupted 
by foreign matter of any kind. 

The mechanical characteristics of the 
structure and just how the load is applied • 
to the joint: The strongest joints are 
those in which the entire joint area is uni¬ 
formly loaded. If, as in a butt joint 
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subjected to bending, one part of the joint 
carries a greater part of the load, that 
part will start to fail first and the entire 
joint will fail due to a progressive tearing 
action. If a relatively soft rod is brazed 
into a relatively hard sleeve and a test is 
made to determine the shear strength of 
the joint, the rod may start to neck down 
where it joins the sleeve creating a radial 
tensile load in addition to the shear load 
at that point. The result is failure at 
a lower load than would be obtained if 
failure occurred by shear alone. The 
strength obtained frequently depends on 
the yield strength of one or both members 
joined. 

The strength of the filler metal itself: 
The strength of the brazing alloy as de¬ 
termined by testing conventional test 
specimens of the filler metal is of second¬ 
ary importance. If the materials joined 
are softer and less strong than the filler 
metal, failure will occur in the materials 
joined and not in the joint. If the mate¬ 
rials joined are harder and stronger than 
the filler metal, failure may occur in the 
joint, but at loads in excess of the strength 
of the filler metal itself. This is because 
the hard joint members support the rela¬ 
tively thin filler metal and prevent a 
change in shape and lateral contraction 
which normally occur before failure takes 
place. Thus a copper filler metal having 
a tensile strength of 30,000 psi. may yield 
brazed joints having strengths of 100,000 
psi. or more in high strength steel. 

Types of Alloys 

For convenience of consideration, filler 
metal for capillary brazing is divided into 
four more or less arbitrary groups. 

1. Silver Alloys 

2. Copper and Copper Alloys 

3. Copper-Phosphorus Alloys 

4. Aluminum Alloys 

Silver Alloys .—Silver is introduced into 
brazing alloys in order to lower their 
melting temperature, to make them tough 
and ductile and to provide corrosion re¬ 
sistance. The cost of the silver some¬ 
times has an important effect on the com¬ 
position of the alloy used, but this factor 
should be considered in relation to the 
amount of silver brazing alloy used in 
relation to the shorter brazing times and 

lower brazing temperatures made possible 
by their use.* 

The simplest silver brazing alloys are 


the binary silver-copper alloys. Being 
free from zinc or cadmium, they have the 
advantage for some purposes of having 
low vapor pressures. They oxidize readily 
when melted and they do not wet some 
metals as well as alloys containing even 
small amounts of zinc or tin. 

A ternary silver-copper-phosphorus al¬ 
loy has found wide use in joining copper 
and copper alloys. It is largely self-flux¬ 
ing when used on copper. It should not 
be used on ferrous metals because of the 
formation of a brittle iron phosphide. 

The commonest silver brazing alloys 
are the ternary alloys of silver, copper and 
zinc. Some of the compositions now in 
use originated from the simple expedient 
of adding silver to the common brasses. 

Many silver brazing alloys consist of 
silver, copper and zinc, with other ele¬ 
ments, such as nickel, cadmium and tin 
added either singly or in combination. 
Nickel is added to improve wetting on 
some metals, to increase resistance to cor¬ 
rosion from certain sources and to alter 
flow characteristics. Cadmium may re¬ 
place part of the zinc to obtain combina¬ 
tions of low melting and flow tempera¬ 
tures with minimum loss in ductility. Tin 
is added to lower the melting and flow 
temperatures and to improve wetting of 
the binary silver-copper alloys; it also has 
a whitening effect on the color. 

Most silver brazing alloys are malleable 
and ductile and consequently are available 
in all the common forms such as: thin 
sheet, fine wire, strip, rod, finely divided 
forms, and rings, shims, and washers for 
preplacement. Some silver brazing alloys 
such as those used for electrical contacts, 
are available as integral coatings on fine 
silver and on certain silver alloys. Such 
materials are known as solder flushed 
stock . 

Standardization on a small number of 
silver brazing alloys is difficult to achieve 
for several reasons: an unwillingness on 
the part of some users to change from 
compositions that have proved satisfac¬ 
tory ; a desire, for cost reasons, not to 
use a higher silver content than necessary; 
the proprietary nature of certain composi¬ 
tions. 

Table 9 lists the alloys available and 
contains notes as to their behavior during 


slIver alloys are used be- 
th Cy fi re wh,te r a T d because they do nSt 
legal standards ' 1 " 3 ° f ,h ' ar,ide 
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Table 9—Properties of Silver Brazing Alloys 


Silver, 

% 

Copoer, 

% 

Zinc, 

% 

Cadmium, 

% 

Solidus, 

°F. 

Liquidus, 

°F. 

Remarks and Notes 

72 

28 

• • 

• • 

1435 

1435 

White 

(1) 

15a, b 

80 

• • 


1185 

1445 e 

Gray 

(2) 

5 

58 

37 

• • 

1545 

1610 

Yellow 

(3) 

10 

52 

38 

• • 

1450 

1565 

Yellow 

(3) 

20 

45 

35 

• • 

1430 

1500 

Yellow 

(3). (4) 

30 

38 

32 


1370 

1410 

Yellow 

(3) 

40 

36 

24 


1330 

1445 

Yellow 

(5) 

45 

30 

25 


1250 

1370 

Nearly white 

(5) 

50 

34 

16 


1275 

1425 

Nearly white 

(5) 

00 

25 

15 


1260 

1325 

White 

(6), (7) 

65 

20 

15 

• • 

1280 

1325 

White 

(7) 

70 

20 

10 


1335 

1390 

White 

(7) 

75 

22 

3 


1365 

1450 

White 

(7), (8) 

80 

16 

4 


1360 

1490 

White 

(9) 

404 

30 

28 

• • 

1240 

1435 

Yellow 

(5), (10) 

31.5 

34 

15.5 

19 

1165 

1390 

Yellow 

(5) 

34 

27 

18 

21 

1125 

1300 

Yellow 

(5) 

35 

26 

21 

18 

1125 

1295 

Yellow 

(5) 

45 a 

15 

16 

24 

1125 

1145 

Yellow 

(5), (11) 

47 

20 

17.5 

15.5 

1165 

1240 

Yellow 

(5), (11) 

50 a 

15.5 

16.5 

18 

1160 

1175 

Yellow 

(5), (11) 

50 a , e 

15.5 

15.5 

16 

1195 

1270 

Yellow 

(10) 

56 n */ 

22 

17 

■ • 

1140 

1205 

White 

(5), (11). (12) 


n Proprietary alloys. 
t> Also contains 5% phosphorus. 
e Fluid and regularly used at 1300°F. 
4 Also contains 2% nickel. 
e Also contains 3% nickel. 

/ Also contains 5% tin. 


Notes: 

(1) —Used in vacuum tube manufacture. 

(2) —For nonferrous metals only; self fluxing on copper. 

(3) —For iron and steel and for nonferrous metals not damaged by temperatures required. 

( 4)—Temperature low enough for extruded brass. 

(5) —For general use on ferrous and nonferrous metals. 

(6) —For small parts, work requiring low temperature, high silver; highly corrosion resistant, ductile. 

(7) —Silversmiths’ solders. 

(8) —Fluid at 1425°F. 

(9) —Extremely ductile; for joining copper and bronze rods for redrawing. 

(10) —For carbides; chloride-corrosion resistant on stainless steel. 

(11) —Low-temperature alloys. « 

(12) —Cad mium-free. 


brazing, their uses and any particular 
characteristics they may have. These 
alloys are usually available in all the 
common forms of brazing alloys. 

Copper and Copper Alloys. —Electroly¬ 
tic tough pitch copper is more widely used 
for brazing than any other type of copper 
or copper alloy. It is used on steel, usu¬ 
ally in furnace brazing with a hydrogen 
atmosphere. Its melting point is rela¬ 
tively high, 1981 °F., but it is relatively 
inexpensive. It requires no flux in a hy¬ 
drogen atmosphere and it penetrates the 
joint area and makes strong, tight, sound 
joints. The brasses containing about 40% 
zinc melt and flow at lower temperatures 
than copper and are malleable and ductile 
enough to be available in wrought forms; 
they too make strong, tough joints. The 
brasses containing about 50% zinc melt 


and flow at still lower temperatures but, 
because they are brittle and are not 
readily rolled or drawn, they are available 
in lump and grain form only. 

Brass filler metal usually requires the 
use of flux, as zinc will oxidize in any but 
the driest, oxygen-free atmosphere. 

For many years a low-copper, high-zinc, 
nickel-silver alloy containing 10% nickel 
has been used for capillary brazing. It 
is white in color and it makes strong 
joints at a relatively high temperature 

(1715°F.). , . 

Table 10 lists the most frequently used 
copper and copper-alloy filler metals for 


tillary brazing. 

Copper-Phosphorous Alloys .—The cop- 
-phosphorous eutectic, containing 
7% copper and 8.3% phosphorous, 

at 1305 °F. While the alloy of 
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Table 10—Properties of Copper and Copper-Alloy Brazing Filler Metals 


Coj>per, 

99.9 min. 
99.9 min. 
99.0 min. 
98.0 
60 

60 

58 

52 

50 

48 


Zinc, 

% 


Other Metals, 

% 


Solidus 
Tempera¬ 
ture, °F. 


Liquidus 
Tempera¬ 
ture, °F. 


Forms 

Available® Note 


40 

39.25 
39.25 
48 
50 
42 


0.012 P, max. 
0 04 P 
2.0 Si 


0.75 Sn 

0.75 Sn, 1.0 Fe, 0.5 Mn 
10 Ni 


1981 

1981 

1, 2, 3, 4 

0) 

1981 

1981 

1, 2, 3. 4 

Cl) 

1981 

1981 

1. 2, 3, 4 

(1) 

1805 

1905 

1, 2. 3. 4 

Cl) 

1650 

1660 

1. 2, 3. 4 

(2) 

1630 

1650 

1, 2, 3, 4 

(2) 

1590 

1630 

3 

(2) 

1570 

1595 

4 

C2) 

1585 

1610 

4 

(2) 

1690 

1715 

3 

(3) 


° Forms available: 1—Strip; 2—Sheet; 3—Wire; 4—Finely divided. 
Notes: 


1 

2 

3 


—For furnace brazing of steel. 

=Fo r r brazing 23’. ntckeYkn^nic^.^Hoy,° yS< niCte1 ' " ickel “ 1,0 >- s a "‘' 


eutectic composition is brittle, alloys near 
the eutectic composition can be worked 
into sheet, rod and wire forms. An alloy 
having a solidus temperature of 1370°F. 
and a liquidus temperature of 1450° F., 
containing 7 to 7Va% phosphorus is availa¬ 
ble in the form of rod, 7w to 7*-in. diam. 
wire and rings made from wire. Other 
alloys of the same type contain 7% phos¬ 
phorus and either 2% silver or 05% tin 
These alloys are largely self-fluxing when 
used on copper. They should not be used 
on ferrous metals because of the formation 
of a brittle iron phosphide. 

Aluminum Alloys .—Filler metals for 
brazing aluminum and its alloys are them¬ 
selves aluminum alloys of suitable compo¬ 
sitions so that their melting points are 
lower than the melting points of the base 
metal. This lowering of the melting 
points is accomplished by alloying alumi¬ 
num with varying amounts of silicon or 
with copper and silicon. The composi¬ 
tion and thermal points of the filler metals 
are given in Chapter 32. 

The alloys are available in the form of 
wire /«, 1 /», V •* and */,„ in. in diam. and, 

in the case of the aluminum-copper-silicon 

alloy, in the form of flat wire strip 0.020 
x 2 inches. 

Filler metal of the aluminum-silicon 
type is also applied as an integral coating 
on certain sheet aluminum alloys. This 
material, known as brazing sheet, is made 
with one or both sides coated, depending 
on the requirements of the job. 

Fluxes 

Proper fluxes are important adjuncts 


to brazing alloys. What flux to be used, 
if any, depends not only on the brazing 
alloy but also on the metals joined. See 
Chapter 22 for a general discussion. 
Chapter 32 for fluxes for aluminum and 
C hapter 34 for fluxes for copper alloys. 

SURFACING FILLER METAL 

General 

A combination of factors including 
hardness, abrasion resistance, corrosion 
and impact resistance are to be considered 
m the selection of filler metal for surfac¬ 
ing applications. The hardness require¬ 
ments may be in the cold state or over 
the hot or red hardness range. Abrasion 
resistance requires a degree of toughness 
permitting minimum wear and is fre¬ 
quently related to hardness. Corrosion 
resistance necessitates a reduction in sus¬ 
ceptibility to chemical attack on exposure 
to an extensive range of compounds, pres¬ 
sures and temperatures. Impact resist¬ 
ance is the ability to withstand battering 
loads with a minimum of upset. Thus 
it is quite different from notched impact 
resistance of structural members where 
deformation under load is preferred to 
brittle failure. All these factors are inter¬ 
related leading to composite requirements 
such as toughness, resistance to wear 

erosion, pitting, frictional braking, galling 
and seizure. 

Although most surfacing is performed 
with the harder metallic compounds, there 
are important soft surfacing operations 
employing overlays of bronzes and related 
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materials for the creation of bearing sur¬ 
faces and similar applications. 

Classification of Surfacing Materials 

The magnitude and variety of the sur¬ 
facing field has contributed materially to 
the complexity of the available products. 
In no welding field is selection of the 
proper electrode more difficult. There 
is no universally acceptable facing mate¬ 
rial just as there is no universally appli¬ 
cable wear test. The results of field ob¬ 
servation are frequently the deciding 
factor in evaluating surfacing requirements 
and defining a satisfactory surfacing ma¬ 
terial. Previous classifications have re¬ 
lied upon broad groupings highly general 
in nature; upon deposit hardness, upon 
structural categories and upon service 
conditions. As it is possible to produce 
a given metallurgical structure with 
several different compositions and to pro¬ 
duce several structures with different heat 
treatments of the same composition, struc¬ 
tural classification i^ technically difficult 
and unsatisfactory. Methods based on de¬ 
posit hardness cover but one attribute of 
surfacing deposits. Use of service con¬ 
ditions requires individual listing of each 
application resulting in a cumbersome 
system too unwieldy to be readily grasped. 
It has been concluded that classification 
based upon composition of the deposit 
undiluted by base metal supplies the most 
useful starting point. Accordingly, the 
deposit compositions of over 250 com¬ 
mercially available surfacing electrodes as 
well as many more low-alloy types have 
been collected and tabulated into major 
groupings by Subcommittee VII—Surfac¬ 
ing Materials, AXVS-ASTM Committee 
on Filler Metal but in more detail than 
previously classified. In this manner, 
several hundred analyses were considered 
in classifying the commercially available 
material. The result is tabulated in Table 
11. A basic distinction between ferrous 
and nonferrous alloys is made. The 
bounding limits of composition are sug¬ 
gested in each case as a guide in identi¬ 
fying the types of material. Absence of 
limits for given elements in a specific 
group does not imply that such elements 
are not present. 

The first groupings under ferrous alloys 
cover carbon steel, low-, medium-, and 
high-alloy steels at various carbon levels, 
and high-speed steels. These are all 
hardenable by heat treatment and going 


down through the group gives, in general, 
progressively greater hardness, corrosion 
and impact resistance and higher abra¬ 
sion—up to the maximum obtainable with 
ferrous materials. All but the highest 
levels of hardness and impact resistance 
can be obtained with the alloyed members 
of these groups while abrasion and cor¬ 
rosion resistance are appreciably below 
levels which can be obtained by other 
compositions. 

The ferrous alloys are completed by the 
chromium, chromium-nickel, manganese 
and high-alloy steels. These provide 
principally austenitic deposits, hardenable 
by cold work and are not usually heat 
treated. Certain of the straight chromium 
steels in this group are ferritic in struc¬ 
ture rather than austenitic. All groups 
discussed thus far require increasing 
amounts of preheat with increasing alloy 
content except for the low-carbon 
chromium-nickel steels. Another excep¬ 
tion is the manganese steels which provide 
a relatively soft deposit which hardens 
rapidly on cold work to give the best 
resistance to the impact of battering loads 
of any compositions listed. Heat treat¬ 
ment and quenching are to be avoided 
with manganese steel deposits while hot 
peening is recommended to develop hard¬ 
ness and resist crack formation in the 
deposit. These groups provide fair hard¬ 
ness with good abrasion and impact resist¬ 
ance extending into more elevated tem¬ 
perature ranges. The manganese steels 
have found valuable uses on the wearing 
surfaces of dipper bucket teeth, roll and 
ring mills, swing hammers, dredge buckets 
and similar applications. The chromium 
and chromium-nickel compositions possess 
corrosion-resistant attributes. 

Review of the ferrous alloys suggests 
the importance of chromium which in in¬ 
creasing amounts and as a function of in¬ 
creasing amounts of carbon available 
forms the hard, wear-resistant chromium 
carbide in the deposit. Material of this 
type has far better service life than carbon 
steels heat-treated to the same hardness 
level. 

Of the nonferrous alloys the high-alloy 
group based on chromium, cobalt and 
tungsten, displays greatest corrosion re¬ 
sistance with good abrasion and impact 
resistance. Hardness is below that of 
the highly alloyed ferrous groups and 

carbide inserts. 

The carbides, while brittle, provide 
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maximum hardness with excellent impact 
(resistance to upset) and corrosion re¬ 
sistance. Suitably backed up with steel, 
carbides have excellent resistance to frac¬ 
ture. In homogeneous carbide deposits 
a continuous alloy of carbides, particularly 
tungsten carbide, is provided which af¬ 
fords maximum cold and red hardness. 


The copper base alloys consist of copper 
and the bronzes including phosphor, alu¬ 
minum and silicon bronze. The group is 
primarily intended for soft-surfacing op¬ 
erations, such as the creation of bearing 
surfaces and related applications. Phos¬ 
phor bronze gives a soft deposit of approxi¬ 
mately 70 Brinell. A series of aluminum 


Table 11—Chemical Analyses of Deposited Metal from Surfacing Filler Metal 


Low carbon (see section on low- 
carbon steel filler inetal)® 
Medium carbon® 

High carbon® 

Low alloy-low carbon (see sec¬ 
tion on low-alloy filler 
metal) ° 

Medium carbon® 

High carbon® 

Medium alloy 
Medium carbon® 

High carbon® 

Medium high alloy 
Low carbon® 

Medium carbon" 

High carbon® 

High-speed steel® 

L hrornium and chromium-nickel 
low carbon (see section on cor¬ 
rosion-resisting chromium and 
chromium-nickel steel filler 
metal) >• 

Chromium-high carbon ft 
Chromium-nickel-high carbonft 

Manganese (Hadfield)ft 
High alloy-high carbon** 


c, % Cr, % Ni, % 


Ferrous Alloys 


0. 19 max. 




0.20-0.60 


• m 

• • • 

0.61 min. 


• • 

• • • 

0.19 max. 

t • f f • 

• • 

• • 9 

0.21-0.60 

% 


• • • 

0.61-1.50 

. 

• 

• • • 

0.21-0.60 

4-10 



0.61-1.70 

4-10 

• • 

• • 

• • » 

0 20 max. 

10-14 



0 21-0.50 

10-14 

• • 

• • • 

0.51-2.5 

10-14 

• • 

a . 

• • • 

0.61 min. 

0 60-1.20 

• • 

• • • 

0 20-1.70 

4 0 min. 



0 20-1 70 

15.0 min. 

7 0 

min 

0.70 min 

. 

3 5 

min. 

0 60 min. 

• • • • • 

3 5 

min. 

1.70 min. 

4-10 


— — t 

2.51 min. 

10-14 

• • 

• • • 

2 0 min. 

22.0 min. 

® # i 

• ft « 



Total Other Elements, % 


1.0 max. 


0.4-6.0 
04-6.0 
0.4-6.0 

6-12 inel. Cr 
6-12 inel. Cr 

12-30 inel. Cr 
12-30 inel. Cr 
12-30 inel. Cr 


4.0 max. 

4 0 max. 

1 0 Mo, min.; 12.0 Mn, min. * 
10 Mo, min.; 110 Mn, min. c 
6 -12 inel. Cr 
12-30 inel. Cr 
30 0 max., inel. Cr 


High alloy (50% min alloy) 
Carbides e 

Homogeneous deposit 
Heterogeneous deposit 
Copper base alloys 
Phosohor bronze 
Aluminum Bronze 
Silicon Bronze 

N'iekel alloys (see section on 
nickel and nickel alloy filler 
metal) 

Nickel-Copper 
Nickel-Pure 
Nickel Cr-W-Mo 
Nickel-Cr B Si 


8 min 
8 min 


24.0 min 


18.0 max 
110 max 


* Hurdenable by heat treatment. 

Hardenable by cold work, majority austenitic 
Ni or Mo may be added or both may be omitted 


0 50 mux 


2.0-30.0 
06.0-98 0 

50 0 inin. 
80.0 min. 


40 0 Co, min.; 3.5 W, min. 

LVU m ! n • i,,cI - 5.0 W, min. 
•>0.0 inin., inel. 45.0 W, min 

92.0 Cu, min.; 0 10-0.45 P 
80.0 Cu, min.; 8.0 Al, min. 
85 0 Cu . mm.; 5.0 Si, max 


70.0- 98.0 Cu 
6 0 Fe, max. 

? n °W, mux.; 32.0 Mo, max 
10 .» Si, max.; 2 5 B. max. 


4 Not usually heat treated. 

' Discrete carbide particles in deposit 


Heterogeneous carbide deposits contain 

discrete particles of the extremely hard 

carbides set in a softer matrix of alloy 

steel. The particles are obtainable in 

tubes which become the electrode or weld- 

ing rod or may be sprinkled over the area 

to be surfaced and the binder metal added 

by welding. Placing of heterogeneous 

carbide deposits is also known as hard- 

setting. 


bronze electrodes is available to give de¬ 
posits of hardnesses from 115 to over 300 
Hrinell. Silicon-bronze alloys are ob¬ 
tainable over similar hardness ranges. 

1 hey can be further softened by heat 
treatment. 

The nickel alloys available include pure 
nickel, cupro nickel and alloys with chro¬ 
mium, molybdenum and tungsten or with 
chromium, silicon and boron. These have 
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excellent heat- and corrosion-resistant 
properties in specific uses with fair abra¬ 
sion and impact resistance. 

Selection o£ Surfacing Materials 

In general, the attack on the part will 
involve one or more of the following: 
Sliding or rolling friction, shock and im¬ 
pact, heat, erosion and corrosion. Other 
factors such as smoothness of the deposit 
desired or the ability of the surfaced part 
to form an efficient tool also affect the 
choice. Previous discussions of each 
classification indicate the relative merits 
of various groups. For specific applica¬ 
tions these must be evaluated on the basis 
of field experience before selection of the 


optimum material can be claimed. Cost 
is not a primary consideration when gain¬ 
ing experience in a new application. After 
adequate experience is gained, variations 
can be made to reduce the cost factor. 
Usually the material giving the longer 
life is preferable even though the filler 
metal cost may be higher. The greater 
service life will more than justify the 
greater first cost. On the other hand, 
some experimentation on an established 
resurfacing operation frequently will re¬ 
veal a material which gives equal service 
at a fraction of the cost. 

For more specific information on the 
selection and use of surfacing alloys, refer 
to Chapter 21. 


BIBLIOGRAPHY 


1. Coatings and Fluxes in the IVelding of 
Steel, A Review of the Literature to January 1, 
1938, W. Spraragen and G. E. Clausscn, The 
Welding Journal Res. Suppl., May 1939. 

2. Specifications for Aluminum and Alumi¬ 
num-Alloy Metal-Arc Welding Electrodes, Ameri¬ 
can Welding Society and American Society for 
Testing Materials, 1943. 

3. The Common Mechanical Properties of 
Carbon Steel Weld Metal in Electric Arc Weld¬ 
ing, O. T. Barnett, The Welding Journal, Feb¬ 
ruary 1943. 

4. The Functions of a Wc l ding Flux, H. H. 
Griffith, The Welding Journal, June 1943. 

5. Researches for Improved Soider Fluxes, 
H. Peters and Bruce Gonser, The Welding 
Journal Res. Suppl., August 1943. 

6. The Application, Manufacture, Composi¬ 
tion and Storage of Coated Metallic Arc Elec¬ 
trodes, O. T. Barnett, The Welding Journal, 
April 1944. 

7. How to Select Electrodes for High Quality 
Vertical and Overhead Work ( E6010 and E6011 
vs. E6012 and E6013 ), H. O. Westendarp, The 
Welding Journal, June 1944. 

8. Metallic Arc Wclding Electrodes, Harold 
Lawrence, The Welding Journal: Classifications 
E6010, E6011 and E6012, July 1944; Classifi¬ 
cations E6013, E6020, E6030, E7010 and E7020, 
August 1944; Stainless Steel, Hard Surfacing 
and Cast Iron, November 1944; Nickel and 
Nickel Alloys, Copper and Copper Alloys and 
Aluminum, December 1944. Also available coni: 
plete in booklet form from the Fenton Publishing 

Co. 

9. Effect of Phosphorus on the Properties 
and Wclding Characteristics of Arsenical and 
N on-Arsenical Copper and on Copper Silver 
Alloy Filler Rod, M. Cook and E. Davis, The 
Welding Journal Res. Suppl., October 1945. 

10. Specifications for Iron and Steel Gas 
Wclding Rods, American Welding Society and 
American Society for Testing Materials, 1946. 

11. Electrodes for Wclding Chromium-Molyb¬ 
denum Steel, D. L. Mathias and G. M. Leigh, 
The Welding Journal, May 1946. 


12. Reduction of Residual Stresses by the 
Use of Austenitic Electrodes, E. P. DeGarmo, 
J. L. Meriam and F. Jonassen, The Welding 
Journal Res. Suppl., September 1946. 

13. The E601X Electrode Groups, O. T. 
Barnett, The Welding Journal, October 1946. 

14. Welding of High Strength Constructional 
Steel with Ferritic Electrodes , S. A. Herres and 
P. E. Woodward, The Welding Journal Res. 

Suppl., October 1946. . , , 

15 Wclding of Hardcnable Steels with High 
Alloy (Austenitic ) Electrodes, S. A. Herres and 
A. M. Turkalo, The Welding Journal Res. 

Suppl., October 1946. , rT , „ , r 

16. Arc Atmospheres and Under-bead craat- 
ing, M. W. Mallet and P. J. Rieppel, The Weld¬ 
ing Journal Res. Suppl., November 1946. 

17. Development and Applications of Linn 
Ferritic Electrodes , D. L. Mathias and A. tr. 
Bunk, The Welding Journal, March 194/. 

18 An Investigation of the Influence of H5 
drogen on the Ductility of Arc Welds in Mild 
Steel, A. E. Flanigan, The Welding Journal 

Res. Suppl., April 1947- . . „ x. r 

10 Selection of Austenitic Elect r ^des for 

Welding Dissimilar Metals, A- L. Schae . 

The Welding Journal Res. Suppl., October • 

20. Metal-Arc Transfer as Influenced by *ome 
Materials in the Covering of Welding L- cc l \ ’ 
C. J. Gayley, The Welding Journal Res. ^uppi., 

November 1947. . ^ . T ;; r J ina 

21. Specifications for Mild Steel Arc-lvela ? 

Electrodes , American Welding Society an 

American Society for Testing Materials, 1948. 

22. Specifications for . c ° r , ro l} on ; R SPJi 
Chromium and Chromium-Nickel Steel m lCe/din/7 

Electrodes, American Welding Society a 

American Society for Testing ^fS teria fe» ; J rc . 

23. Specifications for Low-Alloy Steel Arc 
Wclding Electrodes, American We 1 dmg Society 
and American Society for Testing i 

19 24! Specifications for Copper ^ 

Alloy Metal Arc-Welding Electrodes African 
Welding Society and American Society for les 
ing Materials, 1948. 



CHAPTER 39 


DESIGN OF WELDED JOINTS* 


INTRODUCTION 

Scope 

This chapter is chiefly concerned 
with the design of joints which are to be 
welded by manual arc and by manual gas 
welding and brazing. 

Joint designs for resistance welding 
and other processes are not so variable, 
their selection being greatly affected by- 
electrical and other properties of the base 
metals, the physical shape of the parts to 
be joined, the capacity and characteristics 
of the welding equipment and other 
Kpccial considerations such as accessibility. 

I hercfore, it is considered that any 
generalizations dealing with joint designs 
for these processes would be of question¬ 
able value to readers of this Handbook, 
Information on joint designs for these 
processes, used for specific materials and 
applications, may be found in recom¬ 
mended welding procedures given in the 
chapters specifically relating to these sub¬ 
jects. 


taken to provide joints which, when 
welded, will present few irregularities, 
crevices or other areas particularly 
susceptible to such forms of attack. The 
manner in which stress will be applied 
in service, whether tension, shear, bend¬ 
ing or torsion should be considered. Cer¬ 
tain joint designs are suitable only for 
stress applied in one direction, while 
others are suitable for use when applica¬ 
tions of stress arc varied or unpredictable. 
Similarly, statically and dynamically 
loaded joints require different designs. 
Performance of the individual welded 
joints under different conditions of stress 
and loading is discussed in a later sec¬ 
tion of this chapter. 

Another factor influencing the design 
of joints for welding is the efficiency 
required. I he term joint efficiency is 
used to indicate the strength of a welded 
joint, expressed as a percentage of the 
strength of the unwelded base metal. 

Groove-Welded Joints 


Importance of Joint Design 

Proper joint design is a vital part of 
a welding procedure for several reasons : 
proper joint design helps to control dis¬ 
tortion, minimizes residual stresses, facili¬ 
tates good workmanship and results in 

welds made with the greatest possible 
economy. 

factors Influencing J (tint Design .— 
I he major consideration in joint design 
is the service for which the product is 
intended. If the joint is to be subject to 
corrosion or erosion, care should be 


* Prepared by a committee consisting of C 
Loomis, Bureau of Ships, Navy Dept C 
l Hc V“ chkcl * Westinghouse Electric O 

V U * e k A,r Ruction Sales Co ; I 
McClendon, Bureau of Ship*, Navy Dept 

p JhttcauU, The Linde Air Product* Co.: D 
I after, General Electric Co ; A M Seta 
Handy and Harman 


Groove welds of different types are 
used in many combinations for reasons 
of accessibility, economy and adaptation to 
the particular design of the structure be- 
. ing fabricated. 

The selection of the type of groove 
weld to use is based largely on economy. 
1 he square groove weld is the most 
economical to use provided satisfactory 
strength can he obtained, since this weld 
requires no chamfering. Joint designs 
for vee and bevel groove welds are for 
use when materials are so thick that more 
of the joint must he made accessible for 
welding in order to obtain sufficient 

. . . interest of economy, 

joints for vee and bevel groove welds 
should be selected with root openings 
and groove angles which will require the 
smallest amount of weld metal and still 
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give sufficient accessibility. J and U 
groove joints may be used to further 
minimize weld metal required when the 
savings are sufficient to justify the more 
difficult and costly chamfering operations. 
These joints are particularly useful in 
the welding of heavy thicknesses. One 
disadvantage of J and bevel groove joints 
is the fact that they are difficult to weld 
soundly due to the one straight side, 
which makes the entrapment of slag diffi¬ 
cult to avoid. 

The most important criterion of the 
strength of a groove weld is the degree 
of joint penetration. Since welded joints 
are usually designed so that they will be 
equal in strength to the base metal, 
groove-welded joint designs which re¬ 
sult in welds extending completely 
through the members being joined are 
most commonly used. One of the princi¬ 
ples of design is the selection of joint 
designs which will result in the desired 
degree of joint penetration. The recom¬ 
mended details of grooves contained 
herein have been found to provide a 
degree of joint penetration consistently 
predictable when the welding is per¬ 
formed within the limits of the pre¬ 
scribed procedure. 

Fillet-Welded Joints 

Fillet welds are used in preference to 
groove welds in many cases for reasons 
of economy where the design permits. 
Fillet-welded joints are very simple to 
prepare from the standpoint of edge prep¬ 
aration and fit-up, although groove- 
welded joints usually require less weld¬ 
ing. 

When the smallest continuous fillet 
weld that it is practicable to make re- - 
suits in an efficiency greater than that 
required, intermittent fillet welding may 
be used to avoid overwelding, unless con¬ 
tinuous welding is required for certain 
service conditions. 

Combined Fillet- and Groove-Welded 
Joints 


Brazed Joints 

The most important factor in producing 
a satisfactory brazed joint is the main¬ 
tenance of a sufficiently thin layer of 
brazing alloy between the parts joined. 
Joint clearances must be held to a few 
thousandths of an inch during the brazing 
operation to permit the alloy to flow by 
capillary attraction to all parts of the 
joint. Clearances too large or too small 
may prevent proper distribution of the 
alloy and cause a weak joint. Joints for 
brazing should also be designed to con¬ 
serve brazing alloy, and to make uniform 
heating of the entire joint possible. 

The majority of brazed joints are lap 
joints; however, butt, tee, corner, and 
edge joints and the scarf joint, which is 
a modification of the butt joint, are also 
used in brazing. 

The brazing alloy may be fed into the 
joint either manually during heating or 
preplaccd in the joint during assembly. 
In the former method, used largely for 
torch brazing, the joint is heated and the 
brazing alloy is fed into the joint from 
the outside as the temperature of the 
joint becomes sufficiently high to cause 
flow of the brazing alloy. With pre¬ 
placing, used largely when automatic or 
semi-automatic heating methods are em¬ 
ployed, the alloy melts and is distributed 
in the joint when the joint has reached 
the proper temperature. W hen brazing 
flat sections wherein shims of brazing 
alloy strip have been preplaced between 
the parts, it is good practice to provide 
means for exerting a slight positive pres¬ 
sure if the parts are small and relatively 
light in weight. This insures good con¬ 
tact between the parts and facilitates 
distribution of the proper amount of 

brazing alloy. . . 

Since most brazed joints are lap joints, 
the commonest type of loading is shear. 
Assuming the correct brazing procedure, 
the following formula can be used to 
determine length of lap required to give 
a desired strength: 


Fillet welds are often added to groove 
welds to improve stress distribution. For 
this purpose, concave fillets are the more 
effective. Fillet welds may also be added 
to groove-welded joints for additional 
strength. 


ere , 

C == Length of lap, in. 

r = Tensile strength of the weake 
member, psi. 

a a 


_. . .r 




in. 

Y = Factor of safety 
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L — Shear strength of the brazing 

alloy, psi. 

A more accurate formula for tubing takes 
into consideration the shear diameter, D. 

Y _ YTW(D - W) 

LD 

In selecting joint designs for brazing, 
economy is an important factor. Since 
most brazing alloys are relatively costly, 
the joint design selected should be one 
which requires a minimum of filler metal. 
Time required for heating is the other 
major economic factor; joint designs 
which will require heating of the smallest 
mass possible should be used. 

RECOMMENDED PROPORTIONS 

OF GROOVES 

The recommended proportions of 
grooves shown in Figs. 1 to 3 are those 
which have been found necessary to con¬ 
sistently obtain complete joint penetration 
when shielded metal-arc welding and gas 
welding (except pressure gas welding) 
are used on steel only, since it would be 
virtually impossible to cover all processes 
and base metals. Further information 
on joint design will be found in the chap¬ 
ters covering the various processes. 

By giving proper consideration to such 
factors as base metal melting characteris¬ 
tics, heat effect, heat input, joint penetra¬ 
tion obtainable and accessibility it is 
possible to vary these proportions so as 
to make them suitable for other materials 
and processes. 

TYPICAL JOINTS WELDED BY 
MANUAL ARC- AND GAS-WELDING 

PROCESSES 

The following joints include those com¬ 
monly used with all arc- and gas-welding 
processes except stud welding and pres¬ 
sure gas welding. 

Comments as to joint penetration ob¬ 
tainable apply only to shielded metal-arc 
welding of steel, since this factor varies 
with different processes and base metals. 

1. Square groove joints, welded from 

one side, with incomplete joint 
penetration. 


Notes : 

(a) Strength depends on degree of 

joint penetration, which can be 
relied upon when adequate 
procedure control and in¬ 
spection are employed. 

( b ) Should not be used when ten¬ 

sion due to bending is concen¬ 
trated at the root of the weld. 

(c) Should not be used when subject 

to fatigue or impact loading, 

(a) Most economical from stand¬ 
point of preparation and weld¬ 
ing required. 

2. Square-groove joints, welded from 
one side, with complete joint pene¬ 
tration. 



Notes : 

(a) Complete joint penetration ob¬ 

tainable on relatively thin 
materials. 

(b) Fairly strong in static tension, 

but for full strength, joints 4, 
5 and 8 are recommended. 

(c) Should not be used when tension 

due to bending is concen¬ 
trated at the root of the weld. 

(d) Should not be used when sub¬ 

ject to fatigue or impact load¬ 
ing. 

(e) Economical from standpoint of 

preparation and welding re¬ 
quired. 

3. Square groove joints, welded from 
both sides, with incomplete joint 
penetration. 



Notes : 

(a) Strength depends on degree 
of joint penetration, plus throat of 
fillet weld in the case of the corner 
joint. Careful procedure control 
necessary for reliable degree of joint 
penetration. 

(b) For static loading only; 
should not be used when subject to 
fatigue or impact. 

( c ) Economical from standpoint 
of preparation and welding required. 

4. Square groove joints, welded from 
both sides with complete joint pene¬ 
tration. 
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SINGLE-BEVEL-GROOVE JOINTS FOR WELDING ONE SIDE WITH BACKING SINGLE ~U-GROOVE JOINTS FOR WELDING ONE OR BOTH SIDES 
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Recommended Proportions of Grooves for Metal-Arc Welding and Gas Welding (Except Pressure Gas Welding) 


Fig. 3.—Recommended Proportions of Grooves for Metal-Arc Welding and Gas Welding (Except Pressure Gas Welding) 
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Notes : 

(a) Complete joint penetration 
obtainable with no root opening on 
materials up to Vs-in. thick and with 
adequate root opening (772), on 
materials up to 1 U-m. thick. 

(b ) When welding materials 3 /ie- 
and 1 /4-in. thick, the root of the first 
weld should be chipped out to sound 
metal before depositing the second 
weld, if full strength is desired. 

(c) Suitable for all types of load¬ 
ing. 

( d ) Economical from standpoint 
of preparation and welding required. 

5. Square groove joints, welded from 

one side with backing, and with 

complete joint penetration. 

c =££= 3 <= 3 ^j 1 

Notes : 

(a) Suitable for materials up to 
3 /ie-in. thick with adequate root open¬ 
ing (7'). For thicker materials, 
joint 9 is recommended. 

(b) Useful when all welding must 
be done from one side. 

( c ) Suitable for all types of load- 
ing. 

( d ) Economical from standpoint 
of preparation. 

( c ) Backing may be removed 
after welding if desired. 

6. Single-vee groove joints, welded 

from one side with incomplete joint 

penetration. 

C~V~Z 1 




^OTES * 

(a) Strength depends on degree 
of joint penetration, which is usually 
slightly less than the depth of cham¬ 
fering. For full strength, joint o, V 

or 11 is recommended. . 

(b) Economical from standpoint 
of welding required when depth of 
chamfering does not exceed /* men. 

(r) Should not be used when 
tension is concentrated at the root ot 

the weld. „ , , „ 

(d) Should not be used when 

subject to fatigue or impact loading. 

(e) Economical from standpoint 

of preparation. 

7 Single-vee groove joints, welded 
from one side with complete joint 

_penetration. 
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Notes : 

(а) Economical for thicknesses 
between 1 / 4 and 7* in. from stand¬ 
point of welding required. 

(б) Fairly strong in static load¬ 
ing, but for full strength, joint 8 or 
9 is recommended. 

(c) Should not be used when ten¬ 
sion due to bending is concentrated 
at the root of the weld. 

(d) Should not be used when 
subject to fatigue or impact loading. 

(e) Economical from standpoint 
of preparation. 

8. Single-vee groove joints, welded 
from both sides with complete joint 
penetration. 


Notes : 

. (<*) Strength depends on total 
joint penetration, which is usually 
slightly less than the total depth of 
chamfering. 

(b) For static loading only; 
should not be used when subject to 
fatigue or impact. 

( c ) Economical when depth of 
chamfering on each side does not 
exceed a A inch. 

(d) For full strength, joint 11 or 
27 is recommended. 

11. Double-vee groove joint, welded 
from both sides with complete joint 
penetration. 



Notes : 

(a) Full strength obtainable for 
all types of loading. 

(b) To obtain full strength, the 
root of the first weld should be 
chipped out to sound metal before 
depositing the second weld. 

< c) Economical for thicknesses 
up to / 4 in. from standpoint of weld¬ 
ing required. 

( d) In the case of the corner 
joint, a fillet weld may be added for 
additional strength. 

9 . SlNGLE-VEE GROOVE JOINTS, Welded 
from one side with backing and 
with complete joint penetration. 



Notes : 

(a) Full strength obtainable for 
all types of loading. 

(b) Economical for thicknesses 
up to /^ in from standpoint of weld¬ 
ing required. 

(e , ) . Desirable when all welding 
must be done from one side 

(d) Backing may be removed 
after welding if desired. 


10 CK -V e JorNT - welded 

from both sides with incomplete 
joint penetration. 



Notes : 

(a) Full strength obtainable for 
all types of loading. 

(b) Economical for thicknesses 
up to 17a in. from standpoint of 
welding required. 

(c) To obtain full strength, the 
root of the first weld should be 
chipped out to sound metal before 
depositing the second weld. 

(</) I 1 or thicker materials, joint 
2 / is recommended. 

12 . Single-bevel groove joints, welded 

from one side with incomplete point 
penetration. 



a 




13. 


Notes : 

, (a ). Strength depends on degree 
of joint penetration which is usually 

faring^ ^ tha " the depth of cham " 

D : fT,C ! ,,t to obtain a sound 
ueld due to the perpendicular groove 

, e \ ^p C ’ and grooves preferable. 
rf Economical from standpoint 

rLZt - n * [ Cqu,rcd when depth of 
chamfering does not exceed V 4 inch. 

(rf) Should not he used when 
ension due to bending is concen¬ 
trated at the root of the weld 

(f) Should not he used when 
subject to fatigue or impact loading. 

Single-bevel groove joints, welded 

from one side with complete joint 
penetration. 
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B 

Notes : 

(a) Fairly strong in static load¬ 
ing, but for full strength, joint 14 or 
15 is recommended. 

( b ) Difficult to obtain a sound 

weld due to perpendicular groove 
face. 

(c) Economical for thicknesses 

between W* and 3 U in. from stand¬ 
point of welding required. 

(d) Should not be used when 

tension due to bending is concen¬ 
trated at the root of the weld. 

(e) Should not be used when 

subject to fatigue or impact loading. 

14. Single-bevel groove joints, welded 
from both sides with complete joint 
penetration. 




Notes: 

(a) Full strength obtainable for 
all types of loading. 

( b ) To obtain full strength, the 
root of the first weld should be 
chipped out to sound metal before 
depositing the second weld. 

(c) Difficult to obtain a sound 
weld due to perpendicular groove 
face. 

(d) Economical for thicknesses 
up to 3 /i in. from standpoint of weld¬ 
ing required. 

( e ) In the case of tee and corner 
joints, fillet welds may be added for 
additional strength. 


15. Single-bevel groove joints, welded 
from one side with backing and 
with complete joint penetration. 


Notes : 

(a) Full strength obtainable for 
all types of loading. 

( b ) Difficult to obtain a sound 
weld due to perpendicular groove 
face. 

(c ) Economical for thicknesses 
up to 3 / 4 in. from standpoint of weld¬ 
ing required. 

(d) Desirable when all welding 
must be done from one side. 

(c) Backing may be removed 
after welding if desired. 



16. Double-bevel groove joints, welded 
from both sides with incomplete 
joint penetration. 


Notes : 

(a) Strength depends on total 
joint penetration, which is usually 
slightly less than the depth of cham¬ 
fering. 

( b ) Difficult to obtain sound 
welds due to perpendicular groove 
face. 

( c ) For static loading only; 
should not be used when subject 
to fatigue or impact. 

( d ) Economical from standpoint 
of welding required when depth of 
chamfering on each side does not 
exceed 3 / 4 inch. 

(e) For full strength, joint 17 is 
recommended. 

17. Double-bevel groove joints, welded 
from both sides with complete joint 
penetration. 




Notes : 

(a) Full strength obtainable for 
all types of loading. 

( b ) Difficult to obtain a sound 
weld due to perpendicular groove 
face; also difficult to chip the root of 
the weld. 

( c ) To obtain full strength, the 
root of the first weld should be 
chipped to sound metal before de¬ 
positing the second weld. 

( d ) Economical from standpoint 
of welding required when thickness 
does not exceed lVa inch. 

( e ) For thicker materials, joint 
22 or 27 is recommended. 

18. Single- j groove joints, welded from 
one side with incomplete joint 
penetration. 

JsJoTES l 

(a) Strength depends on degree 
of joint penetration which is usually 
equal to or slightly less than the 
depth of chamfering. 
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( b ) Difficult to obtain a sound 
weld due to perpendicular groove 
face. 

(c) More economical from stand¬ 
point of welding required when depth 
of chamfering exceeds */« inch. 

(d) More expensive to prepare. 

(e) Should not be used when 
tension is concentrated at the root 
of the weld. 

(/) Should not be used when 
subject to fatigue or impact loading. 

19. Single-J GROOVE joints, welded from 
one side with complete joint pene¬ 
tration. 


am i — 5 — i ( 

Notes : 

(a) Fairly strong in static load¬ 
ing, but for full strength, joint 20 is 

recommended. 

(b) Difficult to obtain a sound 

weld due to perpendicular groove 
face. 

( c ) More economical from stand¬ 
point of welding required when thick¬ 
ness exceeds 3 /«inch. 

(d) More expensive to prepare. 

(e) Should not be used when 

tension is concentrated at the root of 
the weld. 

(/) Should not be used when 

subject to fatigue or impact loading. 

20. Single-J groove joints, welded from 
both sides with complete joint pene¬ 
tration. 




Notes : 

(a) Full strength obtainable for 
all types of loading. 

(b) To obtain full strength, the 
root of the first weld should be 
chipped out to sound metal before 
depositing the second weld. 

(c) Difficult to obtain a sound 
weld due to the perpendicular groove 
face. 

(d) More expensive to prepare. 

(e) More economical from stand¬ 
point of welding required when thick¬ 
ness exceeds */ 4 inch. 

.(/) In the case of tee and corner 
joints, fillet welds may be added for 
additional strength and to improve 
stress distribution. 


21. Double- J groove joints, welded 


from both sides with incomplete 
joint penetration. 



Notes : 

(a) Strength depends on total 
joint penetration, which will usually 
be equal to or slightly less than the 
depth of chamfering. 

( b ) Difficult to obtain a sound 
weld due to the perpendicular groove 
face. 

(c) More economical when the 
depth of chamfering on each side ex¬ 
ceeds 7* inch. 

( d ) More expensive to prepare. 

( e ) For static loading only; 
should not be used when subject to 
fatigue or impact. 

(/) # For full strength, joint 22 
or 27 is recommended. 

22. Double-J groove joints, welded 
from both sides with complete joint 
penetration. 



Notes : 


(a) Full strength obtainable for 
all types of loading. 

( b) Difficult to obtain a sound 
weld due to perpendicular groove 
face. 

( c ) To obtain full strength, the 
root of the first weld should be 
chipped out to sound metal before 
depositing second weld. 

(d) More expensive to prepare. 

( e ) Economical from standpoint 
of welding required when depth of 
chamfering on each side exceeds 3 /« 
inch. 

. . (/) I n the case of tee and corner 
joints, fillet welds may be added 
for additional strength, and to im¬ 
prove stress distribution. 

23. Single-U groove joints, welded 

from one side with incomplete joint 
penetration. 



Notes : 



(a) Strength depends on degree 
of joint penetration, which is usually 
equal to the depth of chamfering. 
For lull strength, joint 25 or 27 is 
recommended. 
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( b ) Economical from standpoint 
of welding required when the depth 
of chamfering exceeds 3 /« inch. 

(c) Most easily welded groove 
but expensive to prepare. 

( d ) Should not be used when 
tension is concentrated at the root 
of the weld. 

(c) Should not be used when 
subject to fatigue or impact loading. 

24. Sincle-U groove joints, welded 
from one side with complete joint 
penetration. 



Notes : 

(a) Fairly strong in static load¬ 
ing, but for full strength, joint 25 
is recommended. 

( b) Economical from standpoint 

of welding required when thickness 
exceeds 3 U inch. 

(r) Most easily welded groove 

but expensive to prepare. 

(d) Should not be used when 

tension due to bending is concen¬ 
trated at the root of the weld. 

(c) Should not be used when 

subject to fatigue or impact loading. 

25. Single-U groove joints, welded 
from both sides with complete joint 
penetration. 



Notes : 

(a) Full strength obtainable for 
all types of loading. 

(b) To obtain full strength, the 
root of the first weld should be 
chipped out to sound metal before 
depositing second weld. 

(c) Economical from standpoint 
of welding required when thickness 
exceeds 3 /t inch. 

(d) Most easily welded groove, 
but expensive to prepare. 

(c) In the case of the corner 
joint, a fillet weld may be added for 
additional strength. 

26. Double-U groove joint, welded 
from both sides with incomplete 
joint penetration. 



Notes : 

(a) Strength depends on total 


joint penetration, which is usually 
equal to the depth of chamfering. 

(b) Most easily welded groove, 
but expensive to prepare. 

(c) For static loading only; 
should not be used if subject to 
fatigue or impact. 

(d) Economical from standpoint 
of welding required when the depth 
of chamfering on each side exceeds 

inch. 

( c ) For full strength, joint 27 
is recommended. 

7. Double-U groove joint, welded 
from both sides with complete joint 
penetration. 



Notes : 

(a) Full strength obtainable for 
all types of loading. 

(b) To obtain full strength, the 
root of the first weld should be 
chipped out to sound metal before 
depositing the second weld. 

(c) Most easily welded groove, 
but expensive to prepare. 

(d) Economical from standpoint 
of welding required when thickness 
exceeds IV 2 inch. 

28. Single-fillet-welded joints. 



Notes : 

(a) Strength depends on size of 
fillet. 

( b ) No preparation required. 

(c) Should not be used when 
tension due to bending is concen¬ 
trated at the root of the weld. 

(d) Should not be used when 
subject to fatigue or impact loading. 

29. Double-fillet-welded joints. 



Notes r 

(a) Full strength in static load¬ 
ing obtainable with adequate size o 

fillet welds. # . 

(b) No preparation required. 

(r) Economical from standpoint 

of welding required on moderate 

thicknesses. , . , . . f 

(d) In the case of the lap joint, 

maximum strength in tension is ob¬ 
tained when the lap equals five times 
the thickness of the thinner member. 
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30. Double-fillet-welded corner joint, 
with complete joint penetration. 



Notes : 

(a) Full strength obtainable for 
all types of loading. 

(b) To obtain full strength, the 
root of the first weld should be 
chipped out to sound metal before 
depositing the second weld. 

(c) Economical from the stand¬ 
point of welding required on moder¬ 
ate thicknesses. 


TYPICAL JOINTS WELDED BY 
BRAZING PROCESSES 

1. Face-fed and preplaced-filler-metal 
joints. 


cn 1 

BdTT 



T LI 


u t= U 
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LAP 


Notes : 

(a) In the butt, tee and corner 
joints shown, the joint clearance is 
somewhat more difficult to maintain 
than in the edge, scarf and lap joints. 
. (b) The edge, scarf and lap 
joints offer a further advantage in 
that any desired factor of safety can 
be added simply by increasing the 
amount of lap. 

( c ) These joints are applicable to 
both flat and curved members. 

2. Insert-type joints. 



(«> (Jr) 


Notes : 

(a) Inserted ring of brazing 
alloy maintains clearance until braz¬ 
ing temperature is reached. 

( b ) Joint (a) can be brazed in 
any position; joint (/;) should be 
positioned so that the brazing alloy 
will flow downward. 

( c ) These joints are applicable 
only to circular or curved members. 



CHAPTER 40 


PROPERTIES OF WELDED JOINTS*’ t 


A. IMPACT RESISTANCE 

INTRODUCTION 

Since welds like other structural ele¬ 
ments often must withstand impact or 
suddenly applied loads, it is natural that 
the impact resistance of welds are of 
interest and that frequent use is made of 
impact tests for welds. However, for low 
speeds such as are used in Charpv and 
Izod tests, the effect of suddenness or 
speed of application is not great. In 
several European countries, impact tests 
of welds are required by codes and speci¬ 
fications ; as yet such requirements are 
quite limited in the United States. 

TYPES OF TESTS 

The principal use of the notch impact 
test is to determine the transition from 
ductile to brittle failure with respect to 
temperature. 

Location of Notch 

The notch of various specimens has 
been located in different positions with 
respect to the center line of the plate or 
seam. Sometimes it is located at the 
transition between the base metal and the 
weld in the heat-affected zone. It is diffi¬ 
cult to locate the root of the notch with 
respect to the fusion and heat-affected 
zones due to the rapid change in structure 
at these points. 


* Prepared by a committee consisting of A. 
G. Bissell, Bureau of Ships, U. S. Navy Dept., 
Chairman; L. C. Bibber. Carnegie-Illinois Steel 
Corp.; G. E. Claussen, Reid-Avery Co.; G. A. 
Ellinger, National Bureau of Standards, I .S. 
Dept, of Commerce; F. I.. LaQue. The Inter¬ 
national Nickel Co.; M. A. Scheil, A. O. Smith 
Corp. 

t This chapter covers impact, fatigue and 
corrosion resistance only. Other properties 
such as strength and weldability .are covered in 
other chapters of this Handbook relating to 
specific metals and specific applications. 


Correlation with Other Tests 

Several attempts have been made to 
correlate the impact values of welds with 
the results of tension, bend, hardness, 
fatigue, X-ray and service tests on iden¬ 
tical materials. As in unwelded material, 
there appears to be no relation between 
the yield point, tensile strength, energy 
absorption and hardness and the results of 
impact tests. There is a general ratio 
between impact values and elongation but 
this relationship is by no means exact 
and sometimes does not apply. Some 
tests have shown that there is a fair corre¬ 
lation between the energy shown by impact 
test results and the energy measured by 
the area under a load-deflection diagram 
of a similar specimen under static test. 

RESULTS OF IMPACT TESTS 

OF WELDS 


General 

The following section is a general dis- 

0 # 

cussion of results of impact investigations. 
Only few absolute values have been given 
.since they are generally unimportant ex¬ 
cept as related to the change in impact 
resistance in a specific material with 
changes in temperature. The bibliography 
at the end of this chapter includes ref¬ 
erences to the more detailed reports o 
these investigations. 


Low-Alloy Steels 

It is impossible to summarize the results 
of all of the tests made on low-alloy steels. 
Information on specific alloy steels iu e 
found in Chapter 29, Low-Alloy Steels. 


stenitic Steels 

austenitic filler metal is sometimes used 
welding mild steel. Welds made with 

mineral-covered electrode c ? nt T"f 
' 0 chromium and 12% nickel in alumi- 
r, killed SAE X1020 steel were found 
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to have Izod values of 70 ft.-lb. at -f 70 °F. 
and 60 ft.-lb. at —184°F. Heat treatment 
for two hours at 1100°F. with furnace 
cool or one-half hour at 1560°F. with an 
air cool had no effect on different grades 
of austenitic weld metal. 

Nonferrous Welds 

Oxy-acetylene welds in soft and hard 
tempers of^aluminum (99.5% A1 alloy. 
0.39 and 0.79-in. thick) welded with alu¬ 
minum welding rods of commercial purity 
have been found to have about one-half 
the notch impact value of unwelded base 
metal. Cold hammering was found to 
improve the notch impact value to some 
extent and hot hammering increased the 
impact resistance to that of unwelded base 
metal. 

Resistance Welding 

Several investigations have been made 
on the impact resistance of spot and seam 
welds. Reports of some of these investi¬ 
gations will be found in articles listed in 
the bibliography at the end of this chapter. 

Heat Treatment 

Stress-relief heat treatment has been 
found to restore the ductility in the em¬ 
brittled zone of manually made arc welds 
in^ medium carbon steel (0.20% C. 
0.54%)Mn) plate. Annealing just above 
A c 3 may raise the impact value of such 
welds by 30%, at 70 °F. 

Welds at Low Temperatures 

Notch impact testing is used often to 
determine the transition temperature of 
welds and welded joints. The transition 
temperature or temperature range has 
been defined as that temperature or range 
at which the notch impact specimen shows 
a change from ductile to brittle behavior. 

It has been found that in structural steel 
the toughness of weld metal is very similar 
to that of the base metal at room tempera¬ 
ture and down to -20° F. The transition 
temperature of a given steel depends upon 
the velocity of loading during testing and 
on the degree of stress concentration Arc 
welds (0 10% C, 0 6% Ni). made in two 
and three passes using direct current and 
stress relieved, were found to have im¬ 
pact values of 36 ft.-lb. at 70°F. and 22 
ft.-lb. at —76°F. using a Charpy speci¬ 
men. These values were the same as for 
fine-grained, rolled 0 09% carbon steel 


when tested with the notch perpendicular 
to the direction of rolling or slightly be¬ 
low those for rolled 0.25%? C, 2.4% nickel 
steel when tested with the notch parallel 
to the direction of rolling. The heat- 
affected zone in a low-carbon steel con¬ 
taining 2.33% nickel was found to have 
the same Charpy impact value (36 ft.-lb.) 
as unwelded base metal when tested at 
—76°F.; stress-relief heat treatment of 
this steel raised the impact resistance of 
the weld metal only 4 ft.-lb. 

Tensile impact tests of machine welds, 
made by atomic hydrogen welding and 
flash welding in steel containing 0.25% 
C, revealed that the welds had about the 
same ductility as, but 20% lower energy 
of fracture than, the base metal at all tem¬ 
peratures. 

Welds made in 18-8 stainless steel by 
both gas and arc welding were found to 
have 50% less energy of fracture than 
unwelded material of the same composi¬ 
tion, but 50% higher than plain carbon 
steel. Although the energy of fracture 
was found to be a little higher at —112 
than at -f-70°F., there was no difference 
in ductility at both temperatures, all 
fractures being fibrous. Almost no cor¬ 
relation existed between static tension and 
impact tension results at temperatures 
ranging from -f-70 to —112°F. Other 
tests have shown that there is very little 
decrease in the tension impact value of 
18-8 welds in mild steel down to — 112°F. 

Welds made in steel containing 0.20% 
carbon and 3.5% Ni were found to have 
about the same energy of fracture at 
— 100 F. as at -f-70°F. On the other 
hand, with the carbon content increased 
to 0.35%, the steel when tested at — 50°F. 
had only 10% of the energy of fracture 
at room temperature. Less pronounced 
differences were found in welds made in 
plain carbon steel and 2% nickel steel. 

SERVICE OF WELDED STRUCTURES 

In general, welded structures of suitable 
materials wherein the welds are made in 
accordance with proper procedures, etc 
can be expected to have excellent impact 
resistance in service. By impact resist¬ 
ance in service is meant either the re¬ 
peated hammer blow received, say. by 
a welded rail joint from a passing'loco¬ 
motive or a sudden blow of unusual 
intensity which a weld must absorb to 
prevent failure and widespread damage. 
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In welded structures a considerable por¬ 
tion of the energy of impact may be 
absorbed by the elastic deformation of 
material adjacent to the weld. Welded 
beams have been found to have as good 
drop-impact resistance at 70°F. as un¬ 
welded beams, but the welded beams be¬ 
came brittle at —40 and — 62°F., at which 
temperatures the unwelded beams re¬ 
mained ductile. The difference in behavior 
may have been due to three factors : (\) 

residual stresses, (2) notches present in 
the welded beams but not in the unwelded 
beams and (3) brittle zones in the vicinity 
of the weld due to low temperature. 

B. FATIGUE STRENGTH 

NATURE AND SIGNIFICANCE OF 
FATIGUE FAILURE 

Static failure may be due either to 
permanent distortion or fracture. In 
either event, it depends, except for very 
brittle metals, upon the average strength 
and ductility of a considerable volume of 
metal. Under static load or load repeated 
a few times, localized plastic action or 
even a minute localized fracture (crack) 
rarely causes appreciable structural dam¬ 
age. 

Fatigue is a progressive failure, originat¬ 
ing at some localized region where there 
is a structural weakness or structural 
damage has occurred. Continued repeti¬ 
tion of a sufficiently high load causes a 
minute crack to develop in that region of 
localized structural damage, and then to 
spread, until fracture of the structural 
part occurs. This means that under re¬ 
peated loading, minute localized struc¬ 
tural damage, which would be negligible 
under static loading, may be of vital 
importance. 

In the construction of rotating equip¬ 
ment the use of welding requires careful 
attention to insure that surface irregu¬ 
larities and internal defects are not present 
to act as stress raisers under fatigue load¬ 
ing. Experimental work has shown that 
under equivalent fatigue conditions, welds 
finished flush with the base metal give 
performances equal to the base metal 
while those with unfinished surfaces fail 
after a short period of testing. Where 
these conditions are met, welding has 
proved entirely satisfactory as in the 
construction of internal combustion en¬ 


gines, turbines, propulsion shafting, etc. 
Careful designing of the members that 
carry the reversing stresses to avoid 
sharp changes in section is imperative. 

Stress Raisers 

The ordinary formulas of mechanics of 
materials have been developed mainly for 
the design of structural members subjected 
to static load, and they almost entirely 
neglect to consider localized stresses due 
to non-homogeneity of material and sud¬ 
den changes of cross-section in structural 
parts. There are very many localized 
regions in structural parts where the 
stress is higher, sometimes much higher, 
than that computed by the ordinary for¬ 
mulas for strength of materials. 

Ail}* cause which produces a localized 
area of high stress is called a stress raiser. 
Abrupt changes in section, notches, 
grooves, screw threads, surface irregu¬ 
larities and discontinuities, such as cracks, 
holes or inclusions, are stress raisers. 
There is a possibility that an abrupt 
change in the physical properties of a 
material, such as may occur at the junc¬ 
tion of the weld metal and base metal 
when the two are of materially different 
compositions, acts as a stress raiser. The 
effects of a round hole in a plate and of 
some other simple stress raisers have been 
determined by elaborate mathematical 
analysis and by studies of transparent 
models viewed by polarized light, but, 
because the effect of stress raisers on the 
fatigue strength of a specimen is a func¬ 
tion of the physical properties of the 
material as well as of the geometrical 
shape of the stress raiser, these studies are 
of limited usefulness in predicting the 
value of the fatigue strength of a joint. 
However, they yield results on the safe 
side, and are of real value in determining 
types of geometrical stress raisers to be 
avoided. 

A distinction should be made between 
the fatigue strength of weld metal an 
the fatigue strength of welded joints.. Tie 
former is affected by the properties o 
the filler and base metals, and bv such 
stress raisers as porosity, slag inclusions 
and surface imperfections. The latter is 
affected bv all of the above and also by 
lack of fusion and by geometrica stress 
raisers incident to the design and fabri¬ 
cation of the joint. The latter are o en 
more injurious than the former. Figure 
1 shows a typical double-vee groove weld 
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in a plate. The abrupt change in section 
at the edge of the reinforcement consti¬ 
tutes a stress raiser that may overshadow 



Fig. 1.—High Stress Concentration at Edge of 
Reinforcement in Double-Vee Groove Weld 

the effect of imperfections in the weld. 
Tests of groove welds in 7 / 8 -in. plates 
(0.23% C and 0.47% Mn) showed that 
the fatigue strength (0 to tension, failure 
at 2,000,000 cycles) was 22,500 psi. in the 
as-welded condition, 28,400 psi. when the 
reinforcement was machined off and 
31,600 psi. for an unwelded plate. That 
is, eliminating the stress raiser due to 
the change in section at the edge of rein¬ 
forcement increased the fatigue strength 
of the joints 25% to a value only 10% 
less than the fatigue strength of unwelded 
plate. 

The abrupt changes in section at the 
edges of a transverse fillet weld, shown 
in Fig. 2, are also severe stress raisers 
that greatly impair the fatigue strength 
of the joint. 


transverse section of the outside plates, 
failed in the plates, the weld remaining 
intact. 

The destructive effect of the stress 
raisers in welded joints that are used to 
connect structural members is known to 
be very great and varies with the type 
of joint. 

Definitions and Nomenclature 

New developments in the study of 
fatigue of metals are taking place so fre¬ 
quently that anything like fixed standards 
of definitions and nomenclature have not 
been established. The following defini¬ 
tions are given for use in reading this 
section. 

Repeated Stress. —A structural member 
or a machine part is subjected to repeated 
stress if, during its regular service, the 
stress fluctuates because of vibration, 
change of load, change of temperature or 
other cause. Repeated stress is a general 
term and includes pulsating stress and 

reversed stress, which terms are defined 
later. 

Fatigue of Metals. —When, under the 
influence of repeated stress, a crack starts 
and spreads in a structural member or 
machine part, fatigue of metals is in 
progress. Progressive fracture would be 
a better term than fatigue of metals. 



Fig. 2. Fillet Weld with High StrMa Concentration at Toes 


The fatigue strength of a joint con¬ 
sisting of plates connected wholly or 
partly with longitudinal fillet welds, shown 
in Fig. 3, is low, due to the fact that the 
stress is introduced into the plate along 
the edges and piles up at the end of the 
fillet, tending to cause fatigue failure of 
the outer plates at locations A or of the 
inner plates at locations D. This, being 
in addition to the stress-raising effect of 
the change in section, greatly reduces the 
fatigue strength of the joint. So great 
is this destructive effect that a joint de¬ 
signed for a longitudinal shear stress 
of 20,000 psi. at the throat of the weld 
and a tensile strength of 10,000 psi. on a 


I ulsating Stress. —A stress varying be¬ 
tween a maximum value and a minimum 
value, both stresses being in the same 
direction. The minimum value of a pulsat¬ 
ing stress cycle may be zero as shown in 
Table 1 (3) and Table 1 (7), or some 
numerically larger value as shown in 
Table 1 (2) and Table 1 (8). 

Reversed Stress.—A stress varying be¬ 
tween a maximum value in one direction 
and a minimum value in the opposite di¬ 
rection, such as a cycle of stress in which 
the stress ranges from tension to com¬ 
pression. The numerical values of the 
maximum and the minimum stress mav 
be the same, as shown in Table 1 (5), Q 'r 
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different as shown in Table 1 (4) and not approach a horizontal line. In such a 

Table 1 (6). When the maximum and case it is necessary to determine a fatigue 

minimum numerical values of stress are strength for a definite number of cycles 

the same the terms alternating stress and of stress. Figure 4 ( b ) shows the de- 



Fig. 3."“Longitudinal Fillet Weld with High Stress Concentration at Ends of Fillet 


completely reversed stress are sometimes termination of fatigue strength for 200,000 
used. cycles of stress (FLb) and for 50,000,000 

Fatigue Limit .—The numerically largest cycles of stress ( FLc ). 
repeated stress which, without causing While no system of quantitative no¬ 
fracture, may be applied to a given mate- mcnclature has become recognized as 

rial for an indefinitely large number of standard for repeated stress, two systems 

cycles. If used without a qualifying ad- are in use in English-speaking countries, 

jective, fatigue limit usually means the In the first system the nomenclature is 

limit for an indefinitely large number of based on range ratio, conveniently denoted 

cycles under completely reversed (alter- by r. This is the ratio of the (numeri- 



CYCLES OF STRESS (THOUSANDS) 

Fig. 4.—S-N (Stress-Cycle) Diagrams for Fatigue Tests 

FLa —Endurance limit 32,000 psi., indefinitely large number of cycles of stress (S-N diagram 
becomes horizontal). 

FLb —Endurance limit 34,000 psi., 200,000 cycles of stress. 

FLc —Endurance limit 24,000 psi., 50,000,000 cycles of stress. 

nating) stress. Figure 4 (a) shows the cally) smallest stress during a 

type of stress-cycle or S-N diagram most the (numerically) largest s n or 

commonly found for metals. The diagram be either -f- (no reversa o s , . § 

approaches a horizontal line as the number — (partial or complete re ' e ^ s f_ 'j 

of cycles necessary for fracture increases, never numerically greater 

and the ordinate of this horizontal line is define a cycle of stress c ° -, v ith the 

taken as the fatigue limit for an in- numerical value of r toge 1 magnitude 

definitely large number of cycles of stress. proper sign (-f- or — an cv cle 

For some metals the S-N diagram does and kind of the largest s res. 
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must be given. Examples of this no¬ 
menclature are given in Table 1. This 
system has proved convenient for ma¬ 
chine designers and structural engineers, 
since for machines and structures being 
designed the ratio of minimum to maxi¬ 
mum load is frequently known. 

The second system of nomenclature is 
based on the fact that any cycle of re¬ 
peated stress may he regarded as made up 
of a mean steady stress, S m , and an alter¬ 
nating (completely reversed) stress, S a , 
superimposed on the steady stress. Ex¬ 
amples of this nomenclature are given in 
Table 1. This system is convenient for 
use in the analysis of test data, and for 
plotting diagrams to show the effect of 
varying range of stress on the fatigue 
strength of a metal. 

Efficiency of a Welded Joint .—The 
efficiency of a welded joint is the ratio of 
the strength of the welded joint to the 
strength of the base metal; this definition 
is similar to that for the efficiency of a 
riveted joint. The efficiency is expressed 
in percent. By some writers this ratio, 


jacent to the weld rather than in the weld 
itself. This is not necessarily due to 
metallurgical injury to the base metal, but 
may be due to geometrical stress raisers, 
which, in turn, depend on the details of 
the joint. For this reason it is necessary, 
if the fatigue data are to be useful, to 
test the actual joints or type of construc¬ 
tion to be used. While this is often not 
feasible, actual conditions may either be 
simulated or approximated for the pur¬ 
pose of fatigue testing. 

Specimens tested for determining the fa¬ 
tigue strength of welded joints used for 
connecting structural members and ma¬ 
chine parts should be as large as it is 
feasible to test and should have the geo¬ 
metrical characteristics and surface finish 
of the prototype. The specimens used in 
most tests of this type have been: (1) 
plates connected with butt welds and sub¬ 
jected to an axial load; (2) channels con¬ 
nected to plates or a plate connected to 
other plates by either transverse or longi¬ 
tudinal fillet welds, or a combination of 
the two, subjected to a pulsating or re- 



Fig. 5.—Welded Joint Specimen for Testing Under Repeated Axial Stress 


when applied to fatigue test results, is 
called the weld endurance ratio. How¬ 
ever, in the United States the term fatigue 
ratio is rather commonly used to denote 
the ratio between fatigue limit under re¬ 
versed flexure and static tensile strength. 


FATIGUE-TESTING MACHINES 
AND SPECIMENS FOR WELDED 

JOINTS 

The fatigue strength of a welded joint 
depends upon the geometrical properties 
of the specimen as well as upon the 
physical properties of the material. More¬ 
over, the fatigue failure of a welded joint 
frequently occurs in the base metal ad- 


•sed axial load; (3) welded joints con¬ 
ning beams to columns subjected to a 

Isating or reversed moment, 
figures 3, 5 and 6 show specimens 
)ical of many that were tested in a 
nprehensive investigation of the fatigue 
ength of welded joints sponsored b\ t ie 
sided Research Council. A lever type 
fatigue-testing machine capable ot pro- 
'ing a cycle in which the load vane 
m a tension of 200,000 lb. to a em¬ 
ission of the same magnitude was used 
these tests. Moreover, either the 
ximum or minimum load could be an¬ 
ted independently of the other so as t 
ain any desired stress cycle so long as 
ther the tension nor the compression 

leedcd 200,000 lb. 
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The characteristic features of this ma¬ 
chine are: 

1. A lever for multiplying the force. 

2. An adjustable-throw crank for 
moving the outer end of the lever up 
and down the amount necessary to pro¬ 
duce the desired stress in the specimen. 

3. Three fulcrums or pivots, one to 
support the lever, one to connect the 
short end of the lever to the upper 
pulling head and the third to connect 
the lower pulling head to the frame of 
the machine. 

4. Heads for attaching the specimen 
to the machine. 

5. A dynamometer for measuring 
the force. 

6. Power for rotating the crank. 

Figure 7 is a schematic drawing of 
this machine. It consists of the specimen 
S, the pulling heads Hi and // 2 , the lever 
L, the crank C, the dynamometer D and 
the pivots at the ends of the pulling heads 
and the lever support. 

Figure 8 shows a machine that was 
used to subject a beam-to-column joint 
to reversed and pulsating moments. It 


and at a speed of 15 cycles per minute. 

Oscillators sometimes are used for the 
fatigue testing of full-size structural mem¬ 
bers of complete structures, such as beams, 
girders and bridges. The oscillator con¬ 
sists of discs rotating on parallel shafts. 
Each shaft is driven by a motor and the 
shafts are geared together so as to ro¬ 
tate in opposite directions at the same 
speed. An eccentric mass is attached to 
each disc. By placing the eccentric 
masses at different distances from the 
center of the disc and by varying the speed 
of the shafts, the load on the member can 
be varied. High speeds give increased 
loads and increased frequency of stress 
cycles. Oscillators have been used to 
impose fatigue loading on the decks of 
vessels and on the floors of railroad 
bridges. 

FATIGUE STRENGTH OF SPECI¬ 
MENS FROM WELDED JOINTS 

Fatigue failure of a welded joint may 
occur in any one or a combination of sev¬ 
eral different ways: 



consists essentially of a variable-throw 
crank, a dynamometer and a mechanical 
drive. It was used successfully to test 
connections between 12-in. I-beams and 
12-in. steel columns. 

Figure 9 shows an arrangement for 
subjecting boiler drums or other pressure 
vessels to cycles of repeated hydraulic 
pressure. Steady pressure is furnished by 
a hydraulic accumulator, and water under 
pressure is alternately admitted to and 
allowed to escape from the vessel under 
test. This is accomplished by valves op¬ 
erated by a motor-driven series of levers. 
Such an apparatus has been used with 
hydraulic pressure as high as 1570 psi. 


1. I'ailure in the deposited weld 
metal The fatigue strength in this case 
depends upon the welding process and 
procedure (method of welding, kind of 
filler metal, treatment, etc.), base metal 
and quality of the weld. Porosity, slag 
inclusions and poor fusion lower the 
fatigue strengths through their effects 
as stress raisers. Although it is known 
that these defects lower the fatigue 
strength, there is virtually no quantita¬ 
tive experimental evidence available. 

Z. railure in the line of fusion. In 
this case failure is usually the result of 
poor fusion, lack of penetration, micro- 
scopic cracks or some other cause which 
produces stress raisers. 

3. Failure in the heat-affected zone. 







Fig. 7.—The Wilson Fatigue Testing 
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The heat cycle accompanying welding 
produces a structural change immedi¬ 
ately adjacent to the weld deposit. This 
structural change is a function of the 
welding process and procedure and the 
analysis of base metal. In some cases 
the heat-affected zone will have a higher 
fatigue strength than the original base 
metal, while in other cases it will have a 
lower fatigue strength. 

4. Failure at the edge of the weld. 
Stress raisers at the edges of the weld 
caused by the joint design, weld con¬ 
tour and undercut frequently cause fa¬ 
tigue fractures to occur through the base 
metal at these points. Failures of this 
type are generally the combined result 
of the effects produced by the stress 
raisers and the heat-affected zone. 

The published data on fatigue proper¬ 
ties of welded joints show a wide scatter 
in the limits obtained. This scatter is 
largely the result of the welding pro¬ 
cedures used in making the joints, the 
quality of the welds and the type and 



location of the defects causing the fail¬ 
ures. In analyzing fatigue data, it is 
therefore important that as much as pos¬ 
sible be known about the welding process, 

welding procedure, weld quality and types 
of failure. 

Fatigue Limits of Welds in Low- 
Carbon Steel 

Tests of butt welds in ’/.-in. steel 
plate conforming to A STM Specifications 


A7 (with carbon not more than 0.25% 
and manganese not over 0.70%), welded 
under commercial conditions and in ac¬ 
cordance with the American Welding 
Society Standard Specifications for Welded 
Highway and Railway Bridges show that 
dependable fatigue strengths may be an¬ 
ticipated in the as-welded condition as 
follows: 


Zero to tension, 100,000 cycles—27,000 
psi. 

Zero to tension, 2,000,000 cycles—18,000 
psi. 

These values apply for both shop and 
field welding and for welds made in all 
positions. For butt welds having surface 
defects such as undercut or excessive 
reinforcement and for butt welds having 
incomplete fusion the fatigue strength can¬ 
not be predicted but will probably be less 
than the above values. 

Results of torsional fatigue tests (shear¬ 
ing stress) of specimens from joints show 
about 25% lower efficiency than those 
shown in tension-compression or in ro- 
tating-beam fatigue tests. The fatigue 
limit of metals has been found by many 
experimenters to be lower in torsion than 
in flexure or axial stress. 

Tests of specimens from welds made 
with different sizes of electrodes show 
variation in the fatigue strength of the 
weld which can probably be ascribed to 
variations in workmanship. A reverse run 
(re-welding the root) raised the fatigue 
strength in pulsating tensile tests and in 
reverse bending tests 10 to 20%. The 
reverse run is helpful because it eliminates 
almost entirely the stress-raising effect 
of the usual notch at the root of the weld, 

and not because it refines the grain struc¬ 
ture. 

Compressive tests of butt welds in 
bridge steel (A7) 7 8 -in. thick have indi¬ 
cated the following dependable fatigue 
strengths : 


—— — 


49.^00 psi.; 2,000,000 cycles—33,000 

fr r « 


psi. 

Compression to 
100.000 cycles 

cycles—18,400 
Compression to 
100.000 cycles 
cycles—14,000 
Compression to 
100.000 cycles 
cycles—11,800 


tension V 4 as great. 
—27,600 psi.; 2,000,000 

psi. 

tension >/a as great, 
-20,900 psi.; 2,000,000 

psi. 

tension 7« as great, 

-1.7,700 psi.; 2,000,000 

psi. 
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Compression to equal tension (full re¬ 
versal), 100,000 cycles—16,500 psi.; 
2,000,000 cycles—11,000 psi. 

The fatigue strength for 2,000,000 cycles 
of loading in which both the maximum 
and minimum stresses are compression 
will exceed the yield point of the base 
metal. 

Biaxial stresses have been used in fa¬ 
tigue tests of welded low-carbon steel tub¬ 
ing. The maximum stress theory was 
found to apply and the fatigue strength of 
the welded tubes, for a principal stress 
ratio, r, of 1, was 15% less than for un¬ 
welded tubes. 

Resistance Welding .—Fatigue failures 
in tests of spot-welded, low-alloy steel 
(Cor-Ten) and spot-welded 18-8 stain¬ 
less steel 0.48-in. thick occurred in the 


close to the fatigue limit, soundness is not 
a major factor. Flash welds had excel¬ 
lent fatigue strength particularly when 
welding was followed by quenching and 
drawing. 

Miscellaneous Test Results 

The fatigue limit of a sound deposit 
of weld is about the same as that of rolled 
steel of the same chemical composition. 
The presence of porosity or inclusions in 
a weld metal deposit may lower the fa¬ 
tigue limit 15% or more. 

In order of their importance the most 
common flaws that have been found to 
cause low fatigue strength are: (1) lack 
of fusion, especially at the root of the 
weld; (2) slag inclusions; (3) blowholes. 
Some commercial welds made in the field 



Fig. 9.—Test Rig for Applying Repeated Cycles of Hydraulic Pressure to Pressure Vessels 


heat-afTected zone at the notch formed 
by the junction of the weld nugget with 
the two sheets. Good spot welds de¬ 
veloped 20.000 psi, at 10.000.000 cycles. 
An investigation of the fatigue strength 
of spot welds in the aluminum alloy 
24S-T, 0.032 to 0.064-in. thick, showed 
that the size of the spot weld was most 
important. Large welds were better in 
fatigue than small welds. For high 
stresses and small welds, soundness is 
important. For large welds and stresses 


and containing these flaws have developed 
only 64% of the fatigue strength of flaw¬ 
less welds. 

The fatigue properties of atomic hydro¬ 
gen welds are about the same as those 
of gas welds and arc welds. Resistance 
welds, however, have shown remarkably 
high fatigue limits, especially in tests 
in corrosive media. The torsional fa¬ 
tigue limit for flash welds in mild steel 
is about the same as that for the base 
metal. Pulsating tensile fatigue limits 
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(r very small) for carbon-arc welds 
range from 14,000 to 21,500 psi., the 
value depending upon the technique of 
the welder. The fatigue limit of a brazed 
joint in mild steel of 3 /* by 7 8 -in. cross 
section was found to be 20,000 psi., when 
tested in reverse bending. 

Influence of Low Temperatures 

Tests of welds at temperatures down 
to —80 °F. show no pronounced change 
in fatigue limit as the temperature is 
lowered. However, the results are ob¬ 
scured by the temperature rise in the speci¬ 
men at stresses close to the fatigue limit. 
Preliminary results indicate that the fa¬ 
tigue limits of welds in mild steel differ 
but slightly from those of unwelded steel. 

Influence of Mechanical Treatment 

Peening .—One investigator found that 
unmachined all-weld metal deposited by 
bare electrodes had a fatigue limit of 
18,000 psi. in rotating-beam (cantilever) 
tests. Peening each layer of deposited 
metal raised the fatigue limit to 20,000 
psi. However, similar improvement has 
not been obtained in welds made with 
covered electrodes. 

Hot Forging .—Hot forging raises the 
fatigue limit but, because of grain growth, 
the increase due to forging at tempera¬ 
tures of about 2190°F. (1200°C.) is not 
great. Hot forging increases the fatigue 
limit of backhand gas welds by 20% ; 
of forehand welds by only 10%. Forging 
of welds in mild and alloy steels made 
with coated or cored electrodes (0.07% 
C, 0.65 to 2.8% Mn) increases the fa¬ 
tigue limit from 75 to 100%. 

Machining .—Experiments show that for 
medium and high-quality arc welds, butt 
or fillet, in structural steel, intelligent re¬ 
moval by machining of undercutting and 
other surfaces notches or reinforcement 
raises the fatigue limit about 25%. 
For welds of poor quality having many 
inclusions, machining is of no appreciable 
advantage. One investigator reports 40% 
increase in pulsating fatigue limit of 
parallel shear fillet welds the inner ends 
of which have been machined, over the 
fatigue limit of unmachined specimens. 

Influence of Annealing and Stress 

Relief and Residual Stress 

Annealing .—Annealing at from 1616 
to 1688°F. (880 to 920°C.) lowers the 


fatigue limit of welds having a nitrogen 
content above about 0.04% N but raises 
the fatigue limit if the nitrogen content 
is below 0.04%. The difference in fa¬ 
tigue limit between the as-welded and the 
annealed specimens is not more than 3000 
psi. 

Stress-Relief Heat Treatment .—Reports 
on the effect of stress relief (by heating 
to about 1100°F.) on the fatigue limit 
of welds are somewhat conflicting. It 
seems quite possible that stress relieving 
increases the notched-bar impact values 
more than it does the fatigue strength 
values. 

Shrinkage Stresses .—Internal stresses 
in ductile welds are diminished by the 
minute plastic yielding which occurs under 
repeated loads even though the computed 
stresses are below the static yield strength 
of the metal. For brittle welds internal 
stresses are effective in lowering the fa¬ 
tigue limit. 

Influence of Alloying Elements 

Carbon Content .—A carbon content of 
the base metal between 0.25 and 0.60% 
has only a slight effect on the reverse 
bend fatigue limit of groove welds. 

Alloy Steels .—Welds in low-alloy steel 
have satisfactory values of fatigue limit 
but low-alloy steels have only slight ad¬ 
vantage over mild steel, except at high 
values of superimposed tension, under 
which condition the high yield point of 
the low-alloy steels becomes important. 

Stress-relieved and machined butt welds 
in carbon-silicon and manganese-molyb¬ 
denum steel plates 3 /« to 1-in. thick had 
essentially the same fatigue strengths as 
unwelded plate. Joints in 3 / 4 -in. 5% 
Cr-0.5% Mo steel plates welded with 
25-20 austenitic steel electrodes, when 
tested in the as-welded condition with 
reinforcement machined off, developed an 
axial tension fatigue limit of 31,000 psi. 

Welds in 0.32% C and 3.4% Ni base 
metal made with chromium-molybdenum 
electrodes showed higher fatigue limits 
than welds in the same base metal made 
with chromium-nickel or 3.5% nickel 
electrodes. 

Welds in plate containing 3.5% Ni 
withstood 20 times as many cycles of 
stress at 30,000 psi. as did welds in plain 
medium-carbon plate. For tests of both 
plates a low-carbon electrode (0 13-0.18% 
C) gave better results than a chromium- 
vanadium electrode (0.89% Cr, 0.15% 



894 


DESIGN 


V) or a nickel-chromium electrode (1.0% 
Ni, 0.5% Cr). 

Fatigue Strength of Structural Parts 

A comprehensive series of fatigue tests 
of douhle-vee butt welds in T /s-in. carbon 
steel plates lias been made as a part of the 
work of Committee F, Fatigue Com¬ 
mittee (Structural) Welding Research 
Council. The details of the specimens 
are shown in Fig. 5. The plates had a 
carbon content of 0.25% and a manganese 
content of 0.48%. All welds were made 
in the flat position by a qualified welder 
using an all-position electrode. Radio¬ 
graphs were taken of all specimens and 
the welds were found to be free of all 
but minor defects and were probably more 
uniformly good than most commercial 
welds. The fatigue strength was deter¬ 
mined for failure at both 100.000 and 
2.000.000 cycles. The stress ranges used 
included tension to an equal compression. 
0 to a maximum tension and a maximum 
tension to a tension one-half as great. 
Some specimens were tested in the as- 


full lines represent the empirical equa¬ 
tion (FL)' = J(FL)/(2 — r), in which 
(FL) is the fatigue strength under com¬ 
plete reversal, r is the ratio of the mini¬ 
mum to the maximum stress (negative 
for a reversal of stress) and ( FL )' is the 
fatigue strength for a given r. The 
numeral adjacent to a small circle indi¬ 
cates the number of tests averaged. 

The following conclusions, based upon 
the values given in Table 2 and Fig. 10, 
are quoted from the report pf the tests: 

“For specimens in the as-welded con¬ 
dition, the values of the fatigue strength 
for a cycle in which the stress varied 
from tension to an equal compression 
were 22,300 psi. for failure at 100.000 
cycles and 14,400 psi. for failure at 
2,000,000 cycles; and for a cycle in 
which the stress varied from zero to 
tension the values of the fatigue strength 
were 33,100 psi. for failure at 100.000 
cycles and 22,500 psi. for failure at 
2.000.000 cycles. 

“For specimens in the as-welded con¬ 
dition except that the reinforcement 
had been machined flush with the base 


Table 2 — Fatigue Strength of Butt Welds in 

1 f 8-In. Carbon-Steel Plate 




t:* 

-__ O A. _ _ 

ngth, 1000 

to Max. 

• 

r>..:_ 



' - - raugue oire 

Tension to an 

Equal Zero 

o ■ • 'T'* n 

Tension to 
Tension */* 

o e F.n» O t » 

Description of 

Specimen 

r III 

.V = 
100,000 

91 OMU1I -" 

V = 

2,000,000 

--— i t 

.V = 
100,000 

nsion - s 

V = 

2,000,000 

r -v. 

.V = 

100,000 

II V «* v 

A' = 

2,000,00'* 

As-welded 

22.3 

14.4 

33.1 

22.5 

53.3 

36 9 

Reinforcement on, stress relieved 

21.3 

15.1 

31.9 

23.7 

• • 

37.6 

Reinforcement machined ofT, not 
stress-relieved 

28.9 

• • 

48.8 

28.4 

• • 

43.7 

Reinforcement machined off, stress- 
relieved 

24.5 

16.6 

49.4 

27.8 

• • 

42.6 

Reinforcement ground off, not stress- 

relieved 

26.8 

• • 

44.5 

26.3 

# • 

• • 

mm xx 

Plain plate, mill scale on 

27.7 

17.1 

49.8 

31.7 

• • 

oO. 0 

Plain plate, mill scale machined off, 

surface polished 

• • 

• • 

59.6 

• • 

• • 

• • 

Butt weld, reinforcement and mill 

scale machined off, surface polished 

• • 

• • 

53.9 

• • 

• • 

• • 


welded condition, some were stress-re¬ 
lieved and some had the reinforcement 
planed off flush with the base plate. 
Similar tests were also made of speci¬ 
mens similar to the one shown in Fig. 5, 
except that each consisted of a plate 
without a weld, the specimens being cut 
from the same base metal as the plates 
of the welded joints. A summary of the 
results of the tests is given in Table 2. 
The same data are presented graphically 
by the diagrams of Fig. 10. The small 
circles connected with broken lines rep¬ 
resent the results of the tests and the 


late on both sides, the values of the 
atigue strength for a cycle in whicn 
lie stress varied from tension to an 
qual compression were 28,900 psi. tor 
ailure at 100.000 cycles and 16,8o0 psi. 
Dr failure at 2,000,000 cycles. These 
alues are considerably higher tna 
orresponding values reported in tn 
receding paragraph for similar speci- 
lens with the reinforcement on. 

“A comparison of the fatigue strong 
f butt welds that have been sstress- 
elieved by heat treatment with tne 
itigue strength of those that have 
een stress-relieved indicates that s r 5 
elieving did not affect the fatigue 



Max/must? Stress in /000s of /b per Sp. in. 
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Fig. 10.—Fatigue Strength of Butt Welds in V.-In. Carbon-Steel Plates for Various Types of 

opecimens and Various Ranges of Stress 


strength. This was true for the speci¬ 
mens with the reinforcement off as well 
as for those with reinforcement on. 

“Specimens from which the reinforce¬ 
ment had been machined flush with the 
base plate on both sides had approxi¬ 
mately the same fatigue strength as 
plates without welds but with the mill 
scale on. 

“Specimens from which the reinforce¬ 
ment had been ground flush with the 
base plate on both sides with a portable 
grinder had a fatigue strength only 
slightly lower than that of similar speci¬ 
mens with the reinforcement machined 
off. 

“Specimens with the reinforcement 


and mill scale machined off and the sur¬ 
faces polished had a fatigue strength 
somewhat greater than that of speci¬ 
mens with the mill scale on but con¬ 
siderably lower than that of small round 
machined and polished specimens. This 
latter may be due to the ‘size’ effect. 

“For all kinds of specimens, stress- 
relieved or not stress-relieved, reinforce¬ 
ment off or reinforcement on, the fa¬ 
tigue strength corresponding to failure 
at 2,000,000 repetitions of a cycle in 
which the stress varied from tension to 
tension one-half as great, exceeded the 
yield point of the material and is there¬ 
fore not important to the structural de¬ 
signer.” 
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Effects of Periods of Rest Upon Fa¬ 
tigue Strength of Groove Welds in 
Carbon Steel Plates 

The question has been raised as to 
whether or not the results of fatigue tests 
run continuously in a laboratory are ap¬ 
plicable to field structures which are sub¬ 
jected to intermittent service. Committee 
F planned a series of tests to answer this 
question. The specimens consisted of 
single-vee butt welds in V 2 -in. steel plates 
for which the carbon, manganese and sili¬ 
con contents (9c) were 0.27, 0.45 and 
0.01, respectively. The specimens were 3 
in. wide at the weld. The following para¬ 
graphs are quoted from the report: 

“The method of making the tests was 
as follows : 

“Nine specimens, as nearly as possible 
identical, were selected for a series to 
be tested at a given cycle, the maximum 
stress in the cycle and the ratio of the 
minimum to the maximum stress being 
the same for all specimens. Three were 
tested continuously, three were tested 
with 5-min. rest periods following each 
100 cycles and three were tested with 
30-min. rest periods following each 100 
cycles. Some series were planned for 


“The Committee interprets the results 
of these tests to indicate that rest peri¬ 
ods have no significant effect upon the 
fatigue strength of welded joints in such 
a steel, when these joints are made and 
tested under conditions approximately 
those met in general structural work; 
and that this conclusion may be ex¬ 
tended to welded joints in steel of the 
standard grade for bridges and build- 

• 9f 

mgs. 

Effect of Transverse Fillet Welds On 
Fatigue Strength of Steel Plates 

Tests were planned by Committee F to 
determine the effect of transverse fillet 
welds upon the fatigue strength of steel 
plates. Three types of specimens were 
used, the details of which are shown in 
Fig. 11. Type I was a continuous plate 
without welds or joints and with mill scale 
on both sides ; Type II had a narrow trans¬ 
verse plate attached to one side of the 
main plate with two transverse fillet 
welds; Type III had transverse plates at¬ 
tached to both sides of the main plate. 
The main plate was continuous for all 
three types of specimens. 

Specimens of each of the three types 


Table 3—Effect of Rest Upon Fatigue Strength of Butt Welds in Carbon-Steel Plate 



Stress in 
Thousands of 

Psi. 



tiguc Strength 

a _ 



-r a 

.V = 100,0 
5 Min. 
Rest 

,V = 2.000.010 b 

No 5 Min. 

Rest Rest 

No 

Rest 

_. 

30 Min. 

Rest 

Complete reversal 

+ 20.0 to -20.0 

20 1 

20.5 

19.8 

• • 

• • 



• • 

• • 

20.2 


• • 


+ 16.0 to —16.0 

• % 

• • 


15.4 

14. 2 C 



• • 

• • 

• • 

# • 

13.8 

Zero to max. tcusion 

0 to +27.0 

• • 

• • 


25.6 

23.8 


0 to +30.0 

• • 

34.3 

0 0 

27.2 

• • 


0 to +35.0 

37.6 

• • 

34 9 

• • 

-— 


n Each value represents the average of three tests. 
b .V represents the number of cycles for fracture. 

c Two groups of three tests each at this rest period with average fatigue strengths as shown. 


failure at 100.000 cycles, others for fail¬ 
ure at 2,000,000 cycles. The latter, how¬ 
ever, did not include the tests with 30- 
min. rest periods because of the great 
length of time that would be necessary 
for such a test. 

“A summary of the results is given 
in Table 3, each value representing the 
average of three tests. 

“The data contained in the table indi¬ 
cate that rest periods decrease the fa¬ 
tigue strength, and that the longer the 
rest period the less is the indicated fa¬ 
tigue strength. The average difference 
between the rest and no-rest strengths 
was 5% ; and the maximum difference 
was 10%. 


were made of a medium-grade carbon 
steel and a low-alloy steel. Each of the 
six groups contained six similar specimens 
that were tested in fatigue on a cycle 
in which the stress varied from tension to 

an equal compression. 

The carbon-steel plates had a yield point 
of 34,500 psi., an ultimate strength^ of 
58,700 psi., an elongation in 8 in. of 30./% 
and a reduction of area of 55.1%. 

The alloy steel plates had a yield point 
of 59,100 psi., an ultimate strength ot 
78,900 psi., an elongation in 8 in. of 20.5 Jc 

and a reduction of area of 61.5%. 

A summary of the results of the tests 
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is given in Table 4, each value being the 
average of three tests. 

The following paragraphs are quoted 
from the full report of the tests. 

“The fatigue strength of the Type I 
and Type II specimens was significantly 
greater for the alloy steel than for the 
carbon steel. For the Type III speci¬ 
mens the fatigue strength for fail¬ 
ure at 100,000 cycles was approximately 
the same for both steels but, for failure 
at a larger number of cycles, the fa¬ 
tigue strength was somewhat less for 
the alloy than it was for the carbon 
steel. 

“The fatigue strength of specimens 
made of the alloy steel was considerably 
greater for the Type II specimens and 
somewhat less for the Type III speci¬ 
mens than the fatigue strength of single- 
vee butt welds connecting plates of the 
same alloy steel.” 


In a study of the fatigue strength of 
weldments used to reinforce and repair 
steel bridge members, it was found that 
adding butt straps attached with fillet 
welds across butt welds connecting two 
plates greatly reduced the fatigue strength 
of the joint. Attaching partial length 
cover plates to 12-in., 31.8-lb. I-beams 
cither by welding or riveting greatly re¬ 
duced the total fatigue strength of the 
beams. Various expedients for reducing 
the stress-raising factors at the ends of 
the partial-length cover plates were in¬ 
effective. 

The unit flexural fatigue strength of 
12-in., 31.8-lb. I-beams reinforced with 
full-length cover plates, ®/io-in. thick, at¬ 
tached with continuous 3 /ie-in. fillet welds 
was considerably less than the unit flex¬ 
ural fatigue strength of the same beams in 
the as-rolled condition. The total fa- 
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Fig. 11.—Specimens for Determining the Effect of Transverse Fillet Welds Upon the Fatigue 

Strength of Steel Plates 


Fatigue tests of fillet-welded tee joints 
for ship’s bulkhead plates revealed sur¬ 
prisingly low fatigue strengths being in 
the vicinity of 5000 psi. as compared with 
25,000 psi. for butt welds. Even if the 
root opening between the plates was elimi¬ 
nated and the toes of the welds were 
ground the tee joints had 40% lower 
fatigue strength than butt joints. 


tigue strength of the reinforced beam was 
only slightly greater than for the unre¬ 
inforced beams. 

Relative Fatigue Strength of Welded 
and Riveted Joints in Low-Alloy 
Steel Plates 

Tests were planned by Committee F 
to determine the relative strength of 
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Table 4—Fatigue Strength of Plates with 
Transverse Fillet Welds 


Average Fatigue 
Strength, 
Thousand Psi.-- 


Type of 
Steel Specimen 

A = 
100,000° 

A = 

2,000,000" 

Plain carbon I 

25.8* 

22.8 

II 

2‘). 4 

18.9 

III 

22.9 

13 1 

I.ow allov I 

. 3 

26 4 

II 

31.7 

23.9 

III 

22 2 

10.1 

" A denotes the number 
failure. 

of cycles 

of stress for 


h Hach value is the average of three tests. 
Note; During a cycle the stress varied from 
tension to an equal compression. 

welded and riveted joints connecting plates 
of a low-alloy steel of structural grade. 
There were nine each of riveted and welded 
specimens; six of the riveted specimens 
were subjected to fatigue tests and three 
to static tests. Of the welded specimens, 
seven were subjected to fatigue tests and 
two to static tests. The object of the 
static tests was to determine the strength 
of the joint and, for the riveted joints, to 
determine the load-slip relation. 

All specimens were made of low-alloy 
structural steel plates approximately Ve¬ 
in. thick and weighing 21 lb. per sq. ft. 
and having C. Mn and Si contents of 0.16. 
1.27 and 0.20%, respectively. 

The riveted joints were of the double¬ 
strap butt type with 3 /<-in. manganese- 
steel rivets. The driven heads of the rivets 
were countersunk and chipped ; the manu¬ 
factured heads were of the button type. 

The welded joints were of the single- 
vec butt weld type welded in the flat posi¬ 
tion using a covered electrode such as is 
usually used for welding carbon steel 
plates. 

The following conclusions are quoted 
from the full report of the tests. 

“The low-alloy structural steel plates 
had a static strength of 83.000 psi. based 
on the gross area when fabricated by 
welding and of 64,800 psi. when fabri¬ 
cated by riveting. The strength of the 
latter based on the net section was 
85.000 psi. 

“The low-alloy structural steel plates 
had a fatigue strength based on the 
gross area and corresponding to failure 
at 100,000 cycles of 25,000 psi. when 
fabricated by welding and of 19,800 psi. 
when fabricated by riveting. For failure 
at 2,000,000 cycles, the corresponding 
values were 15.000 psi. and 13.800 psi. 
for welded and riveted joints, respec¬ 


tively. These values of the fatigue 
strength are for a cycle in which the 
stress varied from tension to an equal 
compression. 

“The fatigue cracks in the riveted 
specimens passed through the holes in 
the outer row. Those in the welded 
specimen began at the edge of the de¬ 
posited metal where the abrupt change 
in section acted as a stress raiser that 
extended the full width of the specimen.” 

Fatigue Strength of Machine Parts 

l he importance of fatigue strength of 
welded joints is recognized by the designer 
of welded machinery and in some codes 
maximum working stresses in fatigue have 
been established. Very few fatigue tests 
have been made on machines and in most 
cases values obtained from simple joint 
tests are used. 

\\ hen designing a welded structure sub¬ 
jected to fatigue it is important to keep 
in mind the harmful effect of stress raisers. 
Reinforcements, undercut, incomplete fu¬ 
sion, incomplete penetration and porosity 
are all stress raisers. Double welded 
joints are the best insurance against in¬ 
complete penetration at the root of a weld. 

Fillet welds, because of their inherent 
shape, arc prime offenders from the 
standpoint of stress raisers. The stress 
concentration at the toe of a fillet weld 
may lower the fatigue limit of the base 
metal at that point to 10.000 psi. After a 
certain size weld is reached, the base metal 
becomes the critical section and increas¬ 
ing the weld size will not increase the 
strength of the joint. 

Special shaped butt straps with rounded 
or beveled ends arc often used to reduce 
the stress raisers obtained by plain paral¬ 
lel and transverse fillet welds. Intermedi¬ 
ate stress plates have been used between 
members, but they have been found to 
have no effect on increasing the fatigue 
limit of the joint. 

Reinforcing a butt joint with fillet 
welded butt straps has little or no effect 
in increasing the fatigue strength of the 
joint. In many cases the strength may 
actually be greatly reduced. 

The fatigue limit of intermittent fillet 

welded joints subjected to tension-com¬ 
pression loading is lower than that o a 
continuously welded joint. One invest! 
gator recommends, for intermittent an< 
continuous fillet welds, allowable stresses 
60 and 85%, respectively, of the allowable 
stress in the base metal. 
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Investigations to determine the feasi¬ 
bility of welding wheel spokes directly to 
a 0.45% C shaft rather titan to an inter¬ 
mediate hub indicate that the fatigue 
strength of the shaft is lowered to 7200 
psi. because of the stress raisers. Chang¬ 
ing the number of spokes from 4 to 6 had 
no effect. Tests on arc and gas-welded 
tubular triangle assemblies, and similar 
assemblies including brazed joints, showed 
the importance of design and heat treat¬ 
ment in securing high fatigue strength. 

Fatigue Strength of Welded Railroad 

Rails 

Tests of full-section specimens of welded 
railroad rails, sponsored by the Associa¬ 
tion of American Railroads, have been 
carried on in the Talbot Laboratory at 
the University of Illinois. The testing 
machine used for these tests is shown in 
Fig. 12. The welded joint specimen S 
is pulled backward and forward under 
the wheel W t the load on which can be 
varied from 0 to 75,000 lb. by means of 
the screw jack J and the lever /-. The 
load is measured by the compression of the 


were Jested under a series of loads, 75,000 
lb. for the first specimen, and successively 
lower loads for the other specimens. 
Then S-N diagrams were drawn. Figure 
13 shows S-N diagrams for the 112-lb. 
specimens. The fatigue strength was de¬ 
termined for 2,000,000 cycles of stress, 
and the cycle of stress was a cycle of 
wheel load, bending moment and shear¬ 
ing stress ranging from zero to a maxi¬ 
mum with the rail head in tension. 

Extensive field tests of stresses set up in 
rails under traffic indicate that in the 
normal life of a rail on straight track 
about 100,000 cycles of heavy wheel load 
(40,000 lb. or higher) might be expected. 
The selection of 2,000,000 cycles for de¬ 
termining the fatigue strength is somewhat 
arbitrary, and the determination of fa¬ 
tigue strength is less definite than is the 
case for small specimens, but the results 
are believed to have a comparative value 
for the different types of weld. 

Three types of fractures were found 
in the specimens tested; (1) failure by 
flexural stress starting from a point on 
the tread of the rail. (2) failure by shear- 


T.bU 5 Enduranc* Limit, for 2.000.000 Cycle, of Rolling Wheel Load on Welded Rail 

Specimen, and Rail Specimen. Without Welds 


Type of Joint 


Rail without weld 
G«* weld (Process A) 
t 'M weld (Procos-, B ) 
'l hermit weld 
l'lash weld 
Pressure gas weld 


Rail without weld 
(ias weld (Process A) 
(ias weld (Process 
Thermit weld 
Plash weld 
Pressure gas weld 


It > 


\\ heel 
Load, 
Lb. 

1 < 

02,500 
30,000 
28.(88) 
40,000 
No sped 
58,000 


R 


00,200 

10,0(81 

10,000 

55,000 

75,000 

80,000 


-At Fatigue Limit- 

Maxim Util 

Maximum Tensile 

Bending Stress 

Moment, (Flexural). 

I n. -Lb Psi 


nil, 1 I 2 ll». per yard 

750,000 

300.000 

280,000 

400,000 

metis of welded I 12 

580,000 

ail, 131 Ih. per yard 

830,000 

400,000 

100,000 

550,000 

750,000 

800.000 


Maximum 

Shearing 

Stress, 

Psi. 


Ratio of 
Strength to 
That of 
Rail with¬ 
out Weld, 


0 / 

// 


11,600 

25,400 

100 

21,600 

15,800 

02“ 

15,000 

1 1,400 

45- 

27,2(8) 

20,(881 

78“ 

II) rails 


32,200 

23,000 

78 b 

30,000 

21,300 

100 

17,0(8) 

12,300 

58“ 

8.4(8) 

5,900 

27“ 

24,200 

17,000 

71 ) c 

33,0(8) 

23,100 

1)06 

35,200 

24,700 



? £ a fJ ure ky internal fissure, strength ratio based on wheel load 
6 Failure by flexural stress; strength ratio based on bending moment. 
v, , UrC i' n 7 rh ( ‘ hcar ! n K stress); strength ratio based on wheel load. 

Noth: In the rolling-load test the head of the rail specimen is subjected to cycles of 

i flexural) varying from zero to a maximum. 


tensile stress 


spring I ) . i he stroke of the machine is 
12 in., and the speed 60 rpm. 

1 hree or more specimens of each type 
of welded joint were tested for each of 
two weights of rail, 112 and 131 lb. per 
yard (except for the flash welded speci¬ 
mens which were furnished for 131-lb. 
rails only). The specimens of each group 


ing stress in the web and (3) failure 
by a transverse fissure starting from some 
imperfection in the interior of the bead of 
the rail. Rolling-load tests of short 
lengths of rail without any welded joint 
were also made. 1 he chemical composi¬ 
tion of the steel in tlie rails ranged be¬ 
tween the following values: C, 0.70- 
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Fig. 12.—Rolling-Load Testing Machine for Fatigue Tests on Welded Rails 
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0.73 %; Mn, 076-0.80%; Si, 0.15- 
0.20%; P, 0.020-0.023%; S, 0.022- 
0.037%. 

Table 5 shows the ratio of fracture 
strength under the rolling-load test of 
rails with welded joints and rails without 
welded joints. The values of strength are 
based on a life of 2,000,000 cycles of roll¬ 
ing load. 

While these rolling-load tests of welded 
rails are too few to serve as a basis of 
any precise evaluation of the strength 
of welded rail, yet they offer some evi¬ 
dence that under the repeated loading to 
which railroad rail is subjected the flash 
welded rails and the pressure-welded rails 
using gas (acetylene) for heating de¬ 
veloped a minimum of 78% and an aver¬ 
age of 88% of the strength of unwelded 
rail. I he thermit welds developed about 
78% of the strength of the unwelded rail. 
The welds (oxy-acetylene) without pres¬ 
sure were weaker than the other types of 
welded rail. 

Summary 

The fatigue strength of machined flaw¬ 
less butt welds is tlie same as unwelded 
plate of the same tensile strength, at 
least up to about 80,000 psi. 

Removal of surface irregularities, such 
as reinforcement, is the most important 
factor in developing the highest fatigue 
strength in welds that are otherwise 
sound. Owing to unavoidable notch 
effects, fillet welds have only about 50 
to 70% of the fatigue strength of butt 
welds of equivalent static strength. While 
physical notches have a large effect on 
fatigue, so-called metallurgical notches 
created by differences in microstructure 
in weld and heat-affected zone have little 
effect, at least in mild steel. 

Although the test results show that 
butt welds are preferable to fillet welds, it 
should be borne in mind that there are 
many inherent and unavoidable irregu¬ 
larities in shape in fabricated structures. 
These irregularities are necessary ele¬ 
ments in the design, yet each introduces 
stress concentrations as serious as a fillet 
weld. It is at these points that the flexi¬ 
bility of welded design with oxygen cut¬ 
ting permits the greatest possible reduc¬ 
tion in the stress concentrations and the 
greatest possible improvement in the over¬ 
all fatigue strength. 
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C. CORROSION RESISTANCE 

GENERAL 

In the case of many metals and alloys 
under many of the common conditions 
of exposure, no special attack at or adja¬ 
cent to the welds ordinarily occurs. How¬ 
ever, since the weld metal often differs 
chemically or metallurgical^ from the 
base metal, in specific solutions or under 
certain conditions of exposure special 
attack may occur at or adjacent to the 
welds. As a rule there is less likelihood 
of such special attack if the weld metal 
is of the same composition as the base 
metal, particularly if the welded parts are 
annealed or given a solid-solution heat 
treatment after welding. In environments 
where steel is protected from attack by 
an adherent film or scale, heat treatment 
of welded assemblies may be desirable 
to restore a lamellar pearlitic structure 
which holds protective films better than 
a distorted pearlitic structure resulting 
from the heat effect of welding. It is 
important to obtain welds that are free 
from pinholes, cold shuts, trapped slag 
or other mechanical defects. Such imper¬ 
fections may well provide a starting point 
for attack by corrosion. 

FACTORS AFFECTING CORROSION 

Design of Joints 

The design of a joint often has a bear¬ 
ing on its resistance to a specific exposure. 
In general, lap joints, through which 
moisture can penetrate and be trapped 
between the faying surfaces, are more 
subject to selective attack than are other 
types of joint that do not permit the 
access of liquid between the faying sur¬ 
faces. The special attack occurring at 
such lap joints is probably the result of 
concentration cells set up between the 
liquid at faying surfaces and the liquid 
in contact with the exposed surfaces of 
the weld metal. As is mentioned subse¬ 
quently, the presence of residual flux 
sometimes causes special corrosion. Joints 
designed so that flux can be easily re¬ 
moved are, therefore, less likely to suffer 
attack from this cause than are joints 

from which it is impossible to completely 
remove residual flux. 
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Flux Removal 

Many types of fluxes are corrosive to the 
metals or alloys with which they are 
used. I herefore, it is important in most 
cases that residual flux be removed from 
the metal surface immediately after the 
welding operation. Methods of removal 
generally employed include mechanical 
methods such as scratch brushing, rins¬ 
ing or scrubbing with water, and exposure 
to acid or other chemical dips. The best 
method to use in any given case depends 
on the metal or alloy that has been welded 
and the type of joint made. (Refer to 
the chapters on the metals for more de¬ 
tailed information.) 

If the weldment is to be painted subse¬ 
quently or given chemical or anodic treat¬ 
ments, flux removal usually is especially 
desirable, since residual flux can cause 
blistering of the paint and severe local 
attack during the chemical or anodic 
treatments. 

Stress Corrosion 

It is well known that stress may in¬ 
fluence corrosion of the material to 
which it is applied and, since local stresses, 
such as may be developed in welding 
operations, are likely to have more ad¬ 
verse effect than uniformly distributed 
stresses, it is frequently desirable to give 
welded structures a stress-relief treat¬ 
ment or stress-equalizing anneal after 
welding where corrosion is a factor. 

Metals and alloys vary considerably with 
respect to their susceptibility to stress 
corrosion, and with each material there 
is a limited number of specific corrosive 
media in which stress corrosion is most 
likely to occur. Consequently, it is neces¬ 
sary to be guided by past experience and 
manufacturers’ recommendations in deter¬ 
mining whether stress relief after welding 
must be employed in any given case. 

The substitution of welded for riveted 
joints has been found to be useful in re¬ 
moving opportunities for concentration 
of salts in crevices, a contributing cause 
of caustic embrittlement, which is a partic¬ 
ular form of stress corrosion often en¬ 
countered in steel boilers. 

The possibility of stress corrosion of 
welded structures should be considered in 
planning and carrying out corrosion tests 
leading to the choice of material for a 
service in which there has been no past 
experience. 


MATERIALS 


Steel, Cast Iron and Wrought Iron 

\\ elds in 6-in. diam. pipes made of 
seamless steel, cast iron and wrought iron, 
have been exposed to atmosphere, soil 
immersion, alternating tap water and at¬ 
mosphere, salt spray, electrolysis in salt 
water and 15% HC1. Arc welds with 
covered electrodes and gas welds in steel 
both resisted corrosion under these ex¬ 
posures equally as well as the base metals. 
Arc welds with bare electrodes were 
attacked much more severely than the 
base metal. With the covered electrodes 
there was no difference in the corrosion 
resistance of arc welds made with direct 
and with alternating current. Alloy cast- 
iron welding rod has been found to elimi¬ 
nate galvanic corrosion sometimes en¬ 
countered with welds on cast iron made 
with plain iron rod. Similarly good re¬ 
sults have been secured with welds on 
cast iron made with high nickel alloy rods. 

Arc welds in mild steel made with 
covered electrodes and gas welds have 
been found to be as corrosion resistant 
as the base metal in such media as tap 
water, boiler feed water, gasoline, sea 
water, salt spray, organic acids, mineral 
acids, alkalies, petroleum vapors, marine, 
rural and industrial atmospheres and 
underground. Arc welds with bare elec¬ 
trodes are generally inferior in corrosion 
resistance. 

Carbon arc welds in mild steel made 
under a shielding gas have better general 
corrosion resistance than carbon arc welds 
not so shielded. 

Tests of good forge welds have indi¬ 
cated that the welds are equal to the base 
metal in resistance to corrosion. 

In general welds in mild steel made by 
submerged arc welding resist corrosion 
equally as well as the base metal. 

Flash and spot welds have demonstrated 
satisfactory resistance to corrosion. 

Spot Welding of Steel with Protective 
Coatings .—The following notes are based 
on results of an investigation of the spot 
welding of steel carrying different pro¬ 
tective coatings. 


1. Spot welds made through phos- 
late coatings were subject to cor- 

>sion by salt spray. . c 

2. Blackened (oxidized) surfaces 

mid not be spot welded readily. 

5. Spot welds made through electn- 
L 1 ly deposited tinning caused reduction 
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in corrosion resistance in the vicinity of 
the welds. 

4. Spot welds made through electro- 
galvanizing, hot dip galvanizing and 
sherardizing were satisfactory from the 
standpoint of corrosion resistance. 

Broze-Welded Joints .—Mild steel and 
cast iron are frequently gas welded with 
bronze rods and electrolytic action or 
preferential corrosion on either the weld 
or base metal by the media in which mild 
steel and cast iron are ordinarily used is 
not generally observed. Welds in cast iron 
made with mild steel electrodes will suffer 
accelerated corrosion in some environ¬ 
ments such as salt water. Cast-iron 
braze-welded specimens resist corrosion 
in sea water and in most corrosive soils. 

Oxygen-Cut Surfaces. —In most in¬ 
stances oxygen-cut surfaces in mild steel 
have better corrosion resistance than 
planed surfaces. 

IVelds at Elevated Temperatures .— 
Welds in mild or low-alloy steel, when of 
approximately the same composition as 
the base metal, have been as satisfactory 
as the base metal in resistance to corro¬ 
sion at elevated temperatures. 

IVclds vs. Rivets. —Whatever difference 
there may be between the corrosion resist¬ 
ance of riveted and welded joints appears 
to be in favor of the welded joint. Caus¬ 
tic embrittlement is not ordinarily en¬ 
countered iti good quality butt welds except 
where the environment includes a con¬ 
centrated alkali and the welding stresses 
have not been relieved by appropriate heat 

treatment. 

Electrochemical Potential.— Differences 
are very small in the electrolytic potential 
I*tween good quality steel weld metal and 
its adjoining mild steel base metal, and so 
electrolytic action between such welds 
and base metal, is unlikely to result in 

y corrosion. So long as 
the weld metal is more noble than the 
base metal even large differences in com¬ 
position between base metal and weld 
metal may not lead to local corrosive 
attack as, tor example, in the case of 
austenitic welds in mild steel, or bronze 
welds in mild steel or cast iron. 

Low-Alloy Steel 

Low-alloy steel base metal or weld 
metal containing chromium, copper or 
nickel has somewhat greater resistance 
to corrosion than plain mild steel ] n 
general, well-reinforced welds of good 


quality in low-alloy steels made by either 
arc or gas welding will give the same 
length of service under corrosion as the 
base metal. Welds made with low-alloy 
steel filler metal in carbon steel plates will 
be given some cathodic protection by the 
plates and will resist corrosion well. Car¬ 
bon steel welds in low-alloy steel plates 
may suffer accelerated corrosion and arc 
less desirable than welds made with alloy 
steel filler metal for use with alloy steel 
plates. 

Galvanized Steel 

Arc and gas welds made with steel 
filler metal in galvanized steel require some 
protective coating if they are to equal the 
galvanized steel in resistance to corro¬ 
sion. The zinc coating on either side of 
the weld aiul on the underside of single- 
vee groove welds is damaged so that the 
corrosion resistance of the steel is low 
at these points. Gas welds made with 
bronze rods are not attacked in the serv¬ 
ice for which galvanized steel is ordi¬ 
narily used but the zinc coating adjoining 
the weld is damaged to some extent. The 
corrosion resistance of galvanized iron 
acetylene generators, with braze welded 
joints, has been satisfactory. Usually 
M, me inhibitor against rusting is added to 
the water in the generator. 


Stainless Steel 


Stainless steels, 
corrosion resistanc 
follows : 


designed primarily 
e, may be grouped 



1 lain chromium steels containing 
from 12—25% chromium. 

Austenitic steels containing approxi¬ 
mately 17-25% chromium and 7-25% 
nickel. (Tn some austenitic steels var¬ 
ious amounts of the nickel may be re¬ 
placed by manganese.) 


— i^3i9idiiLc oi incse steels 

is attributed to the formation of a passive 
film or oxide on the surface. In general, 
the resistance to corrosion increases with 
the chromium content and the resistance 
to the non-oxidizing type of corrosion is 
markedly increased by the addition of 
nickel. 1 lie corrosion resistance of austen¬ 
itic steels is further enhanced in a con¬ 
siderable number of media by the addition 

of molybdenum. 

Satisfactory arc and gas welds with 
corrosion resistance approximating that 
of the base metal can be obtained in all 
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of these steels. Stainless steels, generally 
of the austenitic type, can also success¬ 
fully resist corrosion when welded by 
flash, spot and seam welding. Welded 
vessels of stainless-clad steel are used ex¬ 
tensively in a variety of corrosive media. 
Steel equipment is often protected by 
liners consisting of thin sheets welded in 
place to provide a complete covering. 
Chapter 37A contains more detailed infor¬ 
mation on the welding of these steels. 

In most instances a given stainless steel 
is welded with filler metal that will give 
weld metal of approximately the same 
composition as the base metal. If, how¬ 
ever, for some reason filler metal of a dif¬ 
ferent composition is used, care must be 
exercised to insure that the weld metal is 
at least as corrosion resistant as the base 
metal. The welding of these steels pre¬ 
sents some difficulties not ordinarily met 
with in working with mild steels. For 
example, the corrosion resistance is ad¬ 
versely affected by increase of carbon, 
so generally an effort is made to maintain 
the carbon content under 0.08% in both 
the weld and base metals. 

The straight chromium steels in the as- 
welded condition are subject to loss of 
ductility of the weld, and in some media 
the areas adjacent to the welds are less 
resistant to corrosion than the unaffected 
base metal. Heat treatment after welding, 
at 1350 to 1600°F. (733 to 870°C.) for 
a few hours restores the corrosion resist¬ 
ance and makes some improvement in the 
physical properties. 

4'he austenitic steels of the 18-8, 25-12, 
25—20 chromium-nickel types in the as- 
welded condition are subject to inter¬ 
granular corrosion or zoeld decay in the 
base metal adjacent to the weld, and this 
condition is still more marked in the case 
of structures in which two or more welds 
intersect. This condition may be corrected 
by heat treatment at 1950° F. (1066°C.) 
or higher. It is prevented by the use of 
columbium or titanium in the base metal 
and of columbium in the weld metal. In 
most instances the carbon content is 
maintained at 0.08% maximum with a 
titanium to carbon ratio of 4:1 to 5:1 or 
with a columbium to carbon ratio of from 
6:1 to 10:1, depending upon the require¬ 
ments of the service. Susceptibility to 
weld decay can be avoided also by re¬ 
stricting the carbon content of the steel 
to 0.03% maximum. 

The addition of molybdenum for im¬ 


provement in general corrosion resist¬ 
ance of the base metal does not eliminate 
weld decay (intergranular corrosion). 
The elements molybdenum and columbium 
are ferrite formers that tend to unbalance 
the austenitic structure of the 18-8 chro¬ 
mium-nickel steels with consequent lower¬ 
ing of corrosion resistance in some media, 
but the correct balance can be maintained 
by increase of nickel content in the steels 
containing molybdenum or columbium or 
both. Only as much molybdenum is used 
as is required by the service, and the nickel 
content in both base metal and weld metal 
is increased to 12-14% or the weld metal 
may be as high as 15-25%. 

Somewhat higher chromium and nickel 
contents are often employed in filler metal 
than in the base metal to offset the 
loss of chromium that occurs when the 
metal is melted, and to insure that enough 
nickel is present to give adequately austen¬ 
itic weld metal. 

Residual stresses associated with the 
welding of stainless steels may make 
them subject to stress corrosion cracking 
in a very few specific media. This diffi¬ 
culty can be overcome by applying appro¬ 
priate stress-relief heat treatment to alloys 
so constituted that they will not be ren¬ 
dered susceptible to intergranular corro¬ 
sion by the stress-relief treatment or by 
the use of an annealing treatment. 

Corrosion (Oxidation and Scaling) oj 
Welds at Elevated Temperatures. —Heat- 
resisting alloys of the chromium-iron 
(Cr 5-30%), the chromium-nickel (Cr 
20-30%, Ni 3-30%), and the nickel- 
chromium (Cr 8-20%, Ni 35-80%) types 
are being welded for high temperature 
service by gas and arc welding. 

When gas welding the straight chro¬ 
mium and the low-nickel, high-chromium 
alloys, a neutral flame should be employed 
in order to preserve maximum corrosion 
resistance in the weld metal. The high- 
nickel, low-chromium alloys require a 
neutral or slightly reducing atmosphere. 

Filler metal for both gas and arc weld¬ 
ing should be of the same composition as 
the material being welded, except that 
they should preferably have a little higher 
chromium content to allow for chromium 

depletion during welding. . 

Effects of the heating during the weld¬ 
ing operation may impair oxidation re¬ 
sistance as well as liquid corrosion resist¬ 
ance. The inclusion of stabilizing e e 

ments will be effective in overcoming em- 
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brittlement of the weld and base metal 
in structures required to operate in ad¬ 
verse temperature ranges. Restricting 
the carbon content to 0.03% max. or even 
0.02% max. for the most severe condi¬ 
tions is also helpful although this results 
in a slight reduction in the tensile strength 
at elevated temperatures. 

It is imperative that all the flux be re¬ 
moved from all welded areas before the 
parts are placed in high-temperature serv¬ 
ice; otherwise a slagging action occurs 
that promotes rapid destruction of the 
alloy. 

Nickel and Alloys 

Nickel, Monel and Inconel .—Filler 
metal of substantially the same composi¬ 
tion as the base metal is used so that 
welds will have the same corrosion- 
resisting properties as the base metal. 
Best performance is assured by the selec¬ 
tion of the proper filler metal and the 
use of the proper technique for depositing 
weld metal so as to produce sound welds 
and avoid such defects as gas pockets, 
laps, undercutting and excessive slag in¬ 
clusions. Residual flux should he re¬ 
moved. 

Tests and experience have established 
that welds possessing satisfactory corro¬ 
sion resistance can be made with nickel, 
Monel, and Inconel by gas, arc and re¬ 
sistance welding, the choice of process 
being determined generally by factors 
other than corrosion-resistance require¬ 
ments. (Chapter 35 contains more de¬ 
tailed information on the welding of nickel 
and its alloys.) 

Welds in nickel, Monel and Inconel-clad 
steel are made preferably by the metal - 
arc process, using electrodes of appro¬ 
priate composition. The recommended 
procedures minimize dilution of welds by 
iron from the base metal. Experience 
has shown that in the services for which 
these clad metals are used, properly 
made welds demonstrate adequate corro¬ 
sion resistance. In case of Inconel- 
clad steel, there has been some use of the 
more highly alloyed 80% nickel, 20% 
chromium alloy filler metal in order to 
compensate for iron dilution of the welds. 

Satisfactory corrosion-resistant welds 
can be made with all the Hastelloy 
compositions. Castings of Hastelloy 
grades A, B and C can be welded best 
by the gas welding, atomic hydrogen or 
inert-gas metal-arc welding processes. 
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Welding should be followed by full an¬ 
nealing to preserve corrosion resistance. 

Wrought Hastelloys are generally 
welded by the shielded metal-arc process 
though gas, atomic hydrogen, inert-arc 
and submerged arc welding processes also 
have been applied successfully. Hastel¬ 
loy A should be heat treated followed by 
rapid air cooling from 2100 to 2150°F. 
after welding in order to preserve cor¬ 
rosion resistance. Similar treatment is 
desirable for Hastelloys B and C where 
the service conditions are severe except 
that the annealing temperature for Hastel¬ 
loy C is 2200 to 2250°F. 

Hastelloy D castings should be pre¬ 
heated to about 1400° F. before welding 
and should be kept at an even temperature 
during welding and then allowed to cool 
slowly to 800 “F. Hastelloy D castings 
should be preheated to about 1400°F. be¬ 
fore welding and should be kept at an even 
temperature during welding and then al¬ 
lowed to cool slowly to 300°F. 

Satisfactory corrosion-resisting welds 
may be made with either cast or wrought 
1 Ilium, using rod of the same composition. 
Both metal arc and gas welding are used. 
In gas welding, a reducing flame is pre¬ 
ferred. 

Aluminum and Its Alloys 

General .—The resistance to corrosion 
of many of the aluminum alloys is not re¬ 
duced by welding. The high strength 
heat-treatable alloys may be adversely 
affected by welding, but these adverse 
effects can be largely corrected by heat 
treatment after welding. Clad products 
of these and other alloys are much less 
affected by welding and are preferred 
where corrosion is a factor. The resist¬ 
ance to corrosion is dependent more on the 
alloys used than on the nature of the weld¬ 
ing operation. 

Effect of Alloy .—The following are the 
different types of aluminum alloys whose 
corrosion resistance is not appreciably 
affected by welding. Commercial alloys 
*>f the several classes are included as ex¬ 
amples. High purity aluminum and com¬ 
mercially pure aluminum (2S) ; alumi¬ 
num-manganese alloys (3S) ; aluminum- 
manganese-magnesium alloys (4S) ; alu¬ 
minum - magnesium - chromium alloys 
(52S); aluminum-magnesium silicide al¬ 
loys (53S, 61S, 63S, R353, R361) ; alumi¬ 
num-silicon alloys (cast alloys 43, 356). 
These alloys or clad products of them, such 
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as \lclad 3S and Alclad 4S, generally ex¬ 
hibit a good inherent resistance to cor¬ 
rosion. Combinations of these alloys also 
have good resistance to corrosion. Con¬ 
sequently, where corrosion is an important 
factor, the aluminum alloys used should 
be chosen from these materials. 

The aluminum-copper alloys, that is 
those with substantial amounts of copper 
such as 14S, 17S and 24S, usually have 
their inherent resistance to corrosion 
lowered by welding. The resistance to 
corrosion of 14S-T6, 24S-T6 and 24S-T8 
(because of artificial aging) is less af¬ 
fected by welding than is that of 14S-T4, 
17S-T4 and 24S-T4 (naturally aged), and 
these former alloys could be considered 
for certain applications, especially if serv¬ 
ice conditions are mild. Painting to pro¬ 
tect the metal is effective in preventing 
attack as long as the paint coatings are 
adequatelv serviced. It is important that 
alloys 14S-T4, 17S-T4 and 24S-T4 be 
heat treated after welding to provide a 
resistance to corrosion comparable to that 
of the base metal. This also effects an in¬ 
crease in strength. 

Welded Alclad products will exhibit a 
higher resistance to corrosion than the 
corresponding non-clad alloys similarly 
welded. This results from the electro¬ 
chemical protection of the core alloy and 
the welded zone by the more anodic clad- 
ding. Commercially available alloys of 
this type are Alclad 3S and Alclad 4S. 
Alloys of Alclad 14S, Alclad 24S, Alclad 
75S and R301 must be classed as experi¬ 
mental for either gas or arc welding as 
little experience or service information 
exists. Some exposure testing indicates 
that these latter four alloys in the as- 
welded condition may not resist corrosion 
as well as the unwelded Alclad material. 
Considerable improvement is obtained by 
heat treatment after welding; therefore, 
when practicable and when optimum re¬ 
sistance to corrosion is required, the as¬ 
semblies should be heat treated and arti¬ 
ficially aged, if required, after welding. 

Commonly used filler metal are com¬ 
mercially pure aluminum (2S), aluminum- 
silicon alloys (43S) and aluminum-silicon- 
magnesium alloy (356). These alloys 
have a good inherent resistance to cor¬ 
rosion. For maximum resistance to cor¬ 
rosion, especially to certain chemicals, 
commercially pure aluminum or high 
purity aluminum is preferred. Aluminum 
filler metal with substantial amounts of 


copper are not as resistant to corrosion 
as those mentioned previously. They may 
produce stronger welds, however, and 
frequently have adequate resistance to cor¬ 
rosion for specific applications where serv¬ 
ice conditions are mild. Most aluminum 
alloys, however, are anodic to welds con¬ 
taining substantial amounts of copper and 
tend to electrochemically protect them, 
especially in the presence of good electro¬ 
lytes, such as salt water. 

Effect of Welding Process .—Gas weld¬ 
ing, carbon-arc welding, metal-arc weld¬ 
ing, inert-gas metal-arc welding and 
atomic hydrogen welding generally re¬ 
sult in only minor differences in the re¬ 
sistance to corrosion of the weld and base 
metal. Consequently, the welding process 
is usually chosen on the basis of factors 
other than resistance to corrosion, with 
one exception. Inert-gas metal-arc weld¬ 
ing does not require the use of a welding 
flux; this eliminates corrosion hazards 
resulting from incomplete removal of 
fluxes. 

Three common types of brazing are 
used: torch, furnace and dip. Their 

specialized nature limits the alloys gener¬ 
ally used. Brazed joints resist corrosion 
in a manner similar to that of like com¬ 
binations of alloys when arc or gas 
welded. The base metal is usually com¬ 
mercially pure aluminum, aluminum-man¬ 
ganese alloy or aluminum-magnesium 
si 1 icicle alloys. When used with alumi¬ 
num-silicon alloy cladding or filler metal, 
a resistance to corrosion comparable to 
that of the base metal results. Aluminum- 
silicon-copper filler metal produces a joint 


somewhat lower resistance to corrosion, 
is combination, however, can be used 
xessfully in many corrosive environ- 
nts of mild to moderate severity, 
nerally the brazing metal is electro- 
ically protected by the adjacent alloy, 
spot, seam and flash welding do not 
er significantly the resistance to coi 
ion of most of the aluminum alloys 
nong the alloys not aflected are allo}> 

. 3S, 4S, 52S, 61S, 63S, R3S3 and R361. 

ot welds in Alclad products such as 
:lad 3S, Alclad 4S, Alclad 24S-T4. 
dad 14S-T4, Alclad 14S-T6, Alclad 
s-T6 and R301 are electrochemical!} 
itected by the cladding on the sheet. 
>n if the weld extends through tlu 
elding. However, maximum resistance 
corrosion is obtained when the ud 
>s not extend through the cladding. 
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sistance welding of dissimilar aluminum 
alloys in the preceding group generally 
has only minor effects on the corrosion 
resistance of the composite assembly. 

Resistance welds in 14S, 17S, 24S and 
75S aluminum alloys may be selectively 
attacked under severe or moderately 
severe conditions. For this reason, spot- 
welded construction of these latter alloys 
is to be avoided where corrosion is a 
factor. When 14S, 17S, 24S, and 75S are 
resistance welded to cladded forms of 
these alloys or to R301, the claddings 
generally will electrochemically protect 
the unclad material and the spot welds 
at the faying surface. Consequently, an 
improved resistance to corrosion of the 
joint results. 

Flux Residues .—The fluxes used to 
weld or braze aluminum alloys are cor¬ 
rosive and it is important that the residues 
be completely removed; otherwise, they 
will cause appreciable corrosion, espe¬ 
cially under humid conditions or sheltered 
conditions where there is little oppor¬ 
tunity for the flux to be washed away. 

I lux residues also cause early failure 
of paint coatings. Several effective flux 
removal treatments are available. 

huyironment .—The characteristics of 
aluminum alloys described above are based 
largely on performance when exposed to 
natural corrosive environments, such as 
inland and scacoast atmospheres, sea 
water, fresh waters and soil. Exposure 
to certain chemicals or chemical processes 
might alter or even greatly exaggerate 
minor differences resulting from welding 
and combinations of dissimilar metals 
used. Such factors should be evaluated in 
terms of the specific corrosive environ¬ 
ment involved. 

See Chapter 32 for further information 
on aluminum and aluminum alloys. 

Magnesium and Its Alloys 

Magnesium and all of the commercial 
magnesium alloys are weldable. The 
welding processes most widely used are 
mert-gas metal-arc welding, gas welding 

0 r joining proc¬ 

esses in use are brazing and soldering. 

(Chapter 33 contains more detailed in¬ 
formation on the welding of magnesium 
and its alloys.) 

Since all arc-welded joints are made 
only with the inert-gas mctal-arc process 
no flux is used and the joints require no 


special cleaning. Under normal condi¬ 
tions of exposure the joints are as re¬ 
sistant to corrosion as the base metal. In 
certain chemical solutions, particularly 
chloride solutions, pitting adjacent to the 
weld in the heat-affected zone may de¬ 
velop. Filler metal of different composi¬ 
tion from the base metal does not cause 
galvanic attacks when used as recom¬ 
mended. 


Service experience has shown that spot- 
welded joints of magnesium alloys have 
as good corrosion resistance as the base 
metal, provided that copper pickup is 
avoided by keeping the electrode tips 
clean. Copper pickup can be removed 
by abrading the surfaces of the spots. 
The faying surfaces of spot welds seldom 
require any special protection. Sea coast 
exposure tests over a period of four years 
at Kure Beach, N.C., showed only a 
thin magnesium hydroxide film at the 
interlaces. For very severe exposure con¬ 
ditions, special wet sealing paints may be 

applied to the interfaces just prior to 
spot wielding. 


* *• k 1 1 *y corrosive mixes are used in the 
gas welding ot magnesium and its alloys 
Therefore, only simple butt joints from 
which flux can be easily removed are 
recommended. Directions for cleaning 

f ls we,( . lcd i oi ”ts are given in Chapter 
33. Joints that have been properly 
cleaned of residual flux exhibit as good 
resistance to corrosion as the base 
metal. As in arc welds, selective attack 
m the heat-affected zone may occur in 
speci fic chemical solutions. 

Magnesium alloy Ml can be brazed 
lining fluxes similar in composition to the 
gas-welding fluxes. The same precau¬ 
tions of complete removal of flux residues 
from the brazed joints must be observed 
•is with gas-welded joints. Complete re¬ 
moval of residual flux from brazed joints 

!" morc (1,fricu,t than in gas-welded joints 
[H-cause the lap joint is widely used. 

hert,ore flux removal becomes a more 
unportant consideration than in gas weld- 


7. t-uiu;iimng aluminum 

•UK anc. such as AZ31X and others of 
higher alloy content, are subject to stress 
corros.on cracking if left in the as-welded 
condition. The stress corrosion cracking 
is completely eliminated by giving the 
welded parts a low-temperature stress re- 

bef as described in Chapter 33. 
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Copper and Its Alloys 

Copper .—Gas welding, preferably of 
deoxidized copper, using rod of the same 
composition, or alloyed so as to lower 
the melting point slightly, is practiced 
most commonly, and produces welds that 
demonstrate satisfactory corrosion resist¬ 
ance. Similarly good results are obtained 
from carbon-arc welds using silicon bronze 
or phosphor bronze rods which deposit 
weld metal that has adequate corrosion 
resistance without introducing complicat¬ 
ing galvanic effects in the usual applica¬ 
tions. 

The use of high zinc (40%) brasses 
for brazing copper may lead occasionally 
to corrosion difficulties in environments 
in which the brass itself is vulnerable to 
attack which will be accelerated by the 
surrounding copper. Silver brazed joints 
in copper are considered satisfactorily cor¬ 
rosion resistant. 

/trasses and Bronzes .—Common brasses 
are gas welded or brazed with high zinc 
(40%) filler metal and low brasses or 
phosphor bronzes may be similarly joined 
for uses where corrosive conditions arc 
mild. For more severe corrosive condi¬ 
tions, low brasses and bronzes should be 
joined by brazing with a silver alloy or 
carbon-arc welding with phosphor bronze 
welding rod in preference to brazing with 


high-zinc brass. The silicon bronzes 
which are adapted to either gas or arc 
welding also may be used for joining cop¬ 
per and high copper alloys where corro¬ 
sive conditions are severe. Silicon bronze 
welding rods are, of course, particularly 
suitable for joining silicon bronzes of the 
same composition. 

The silicon bronzes are particularly well 
adapted to welding by gas or arc weld¬ 
ing using filler metal of the same composi¬ 
tion, which yields deposits possessing cor¬ 
rosion resistance equal to that of the base 
metal. 

Chapter 34 contains more detailed in¬ 
formation on the welding of copper and 
its alloys. 

Lead and Its Alloys 

Gas- or resistance-welded lead joints 
are generally equal to the base metal in 
resisting strong chemical solutions. 
Welded joints in lead-base alloys are also 
usually as resistant to attack as the base 
metal. Occasionally some selective at¬ 
tack at the weld occurs as a result of 
the inclusion of dross from the filler rod 
or of corrosion products from the sheets 
being welded. See Chapter 36 for more 
detailed information on the welding of 
lead. 
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CHAPTER 41 


FACTORS AND DATA INVOLVED IN ESTI¬ 
MATING COSTS* 


INTRODUCTION 

The cost incident to the use of any 
welding process is a consideration of 
great importance to the user of welding. 
This chapter is devoted to a presentation 
and discussion of various cost factors in 
welding processes; the use of these data 
must naturally involve a careful analysis 
of the particular application and the cir¬ 
cumstances in which a given process will 
he used. 

This chapter covers the following 
processes: 

Manual Metal Arc Welding 
Atomic Hydrogen Arc Welding 
Carbon-Arc Welding 
Submerged Arc Welding 
Manual Oxy-acetylene Welding 

Data covering welding processes other 
than those listed above are included in 
those chapters of the Handbook relating 
to the processes. 


IMPORTANT GENERAL FACTORS 
INFLUENCING WELDING COSTS 

T he choice of a welding process for 
fabricating a given product is influenced 
by several factors, all of which should be 
thoroughly considered before the final 
selection is made. 

An important general factor is the 
desirability of keeping a welding organi¬ 
zation continuously at work without slack- 
periods. It is sometimes desirable to 
manufacture side line equipment which 
can be produced in any slack periods be¬ 
tween the production of the main product. 
Such a plan keeps a shop in full operating 
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strength for its main business and provides 
constant employment and broader experi¬ 
ence for its personnel. 

In addition, many other less general 
factors may affect the cost of welded 
products. The following are considered 
especially important and are so general 
that they should apply to almost any 
welded construction, whether arc welded, 
gas welded or brazed. 

They are as follows: 

1. Design to reduce the amount of 
weld metal required in the structures. 

2. Plan to utilize material most ef¬ 
fectively. 

3. Use setting-up fixtures to elimi¬ 
nate measuring, to standardize struc¬ 
tures and to facilitate fit-up. 

4. Use fixtures to position joints 
for making welds in most favorable 
positions. 

5. Use the most economical size and 
type of filler metal. 

6. Obtain a good operator factor 
(use of workman’s time). 

\ detailed discussion of each of the six 
factors follows. 


Design to Reduce Welding and De¬ 
posited Weld Metal 

As soon as an organization has com¬ 
mitted itself to produce a certain type of 
structure or equipment by welding, a 
careful analysis of the design of the unit 
to reduce the amount of necessary weld¬ 
ing often yields important economic ad¬ 
vantages. Fundamentally, weld metal is 
expensive; and all other factors being 
equal, the welded design with the least 
weld metal is the most economical. 

Examples of eliminating welding in the 
design of the structure include fabricating 
bridges from large rolled I-beams rather 
than from built-up welded structures or 
making of parts for weldments from 
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plates or other rolled steel products or 
by extrusion. 

The use of rolled shapes instead of 
built-up members and the placing of 
welds at points of least cross-section or 
least load in the member, all tend to re¬ 
duce weld metal deposition and, therefore, 
costs. 

The design of structures to place welds 
in the most accessible locations and in 
the most favorable positions, and the 
use of bolted field connections often re¬ 
duce costs. 
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Fig. 1 .—Relationship Between Cost of Scrap 

and Total Material Cost 


Material should preferably be of thick¬ 
nesses which can be readily handled with 
available equipment. Built-up sections of 
thin material which require less weld 
metal to join and which give deep sec¬ 
tions to carry stress are often more 
economical than thick sections. 

Except where heavy weight is desirable, 
the minimum material necessary for the 
structure should be used. Under a bend¬ 
ing load, a built-up member can weigh 
less than a rolled member, because the 
built-up section of the welded member can 
be made to conform to the moment 
curve. 

The design should be planned to use 
the minimum amount of weld metal by 
use of narrow welding grooves, small 


continuous fillet welds rather than larger 
intermittent fillet welds and the location 
of welds where the strength will be 
utilized most effectively. The same type 
of welds should be used as widely as 
possible so that not too many welding 
procedures will be required. 

Plan to Utilize Material Effectively 

While steel is a relatively inexpensive 
material, there is enough margin between 
its economic use and waste to make plan¬ 
ning to minimize scrap worth while. This 
is especially true where shapes are cut in 
large quantities from bars, sheet, strip or 
plate. 

Careful forethought should be exercised 
in designing the parts for welded struc¬ 
tures, so they can be taken from the raw 
material economically. Small parts should 
be designed to be made from left-over 
pieces. Wherever possible the original 
cut should also serve as the edge prepa¬ 
ration. Figure 1 graphically illustrates 
the rise in the cost of material for welded 
structures with the increase in the per¬ 
centage of scrap material. Normally at 
least three-quarters of the original value 
of a pound of material is lost when it 
becomes scrap. This cost must be added 
to the cost of the actual material used. 

Use Setting-up Fixtures 

Any method of mass production which 
is sound must produce a standardized 
finished product. One of the most im¬ 
portant aids to standardized welded prod¬ 
ucts is a fixture for setting up the com¬ 
ponent parts of the structure prior to 
welding. 

This setting-up operation must be ac¬ 
curately done, yet it may be done with a 
widely varying amount of measuring and 
attention, resultant setting-up costs vary¬ 
ing accordingly. 

Good welding practice dictates that for 
a repetitive operation, there should be 
setting-up fixtures which allow an opera¬ 
tor to place the component parts of a 
structure in the fixture without error, and 
in their proper relationship. This should 
be done with a very minimum of measur¬ 
ing of individual parts and without careful 
positioning. 

A fixture provides stops (a framework 
upon which to place the parts) and plugs, 
guards and clamps which accommodate 
pre-machined or other parts in their 
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proper relationship. It reduces setting¬ 
up time to a bare minimum and provides 
maximum standardization of the struc¬ 
tures. 

Stop-watch studies of setting-up opera¬ 
tions with and without fixtures indicate 
differences of several hundred percent in 
setting up without a fixture compared to 
setting up with a good fixture. This is 
mostly due to the additional measuring 
and fastening time required without a 
fixture. 


294 *. 0-412 

PER 
t H 




.-VERTICAL 


lOO'Xf 



moppostal 


0 140 

M.N. 

Pf.R 

IN 


Flat 

39 4% LFSS Than 
nOfJiJONTAi AND 

66 OV* LESS Than 
vertical ) 
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Use Positioning Fixtures 

1 he use of positioning equipment re¬ 
sults in lower costs where the welds are 
of sufficient size and length and the work 

of such a nature that it can he posi¬ 
tioned. In general, single-pass fillet welds 
up to arid including B /i„ in. can be made 
more economically in the horizontal po>i 
t»on on weldments requiring cranes to 
position. For larger fillets lower cost 
and improved appearance are usually’ob¬ 
tained by positioning the work. Posi¬ 
tioning will permit the use of the larger 
diameters of Class E6020 and similar 

types of electrode, with higher deposition 
rates. 

because weld metal is liquid at the 
time it is deposited, the position of the 
joint at the time in which a weld is de¬ 
posited automatically establishes certain 
limitations on the size of the electrode 
and the amount of the molten metal which 
ian be deposited within a certain time on 
1 joint. Ordinarily the nearer a weld 
•nay be deposited in the flat position, the 
is the difficulty encountered due to 
die fluidity of the metal, and within ccr- 
ta *n limits, the larger the welding clec- 
tr <>de which may be used. This is es¬ 
pecially true of thick plates although it 
applies to even relatively thin plates. 


There are many types of jigs or posi¬ 
tioning fixtures for placing welds in the 
best position for welding. They may or 
may not be power-driven, mechanical 
positioning fixtures, and there are many 
rather standardized and commercially 
available types. They may also be made 
by the manufacturer of the welded struc¬ 
ture. It is frequently possible to combine 
setting-up fixtures with positioning de¬ 
vices into a single piece of equipment. 

Figure 2 illustrates in graphic form the 
relative cost of depositing 3 / s -in. fillet 
welds in the different positions—vertical, 
horizontal and flat. Actual time study 
values on which this figure is based in¬ 
clude arc time plus fatigue allowance. 

I he basis for the figures in this graph 
are numerous time studies of actual weld 
deposition time under normal shop con¬ 
ditions, using arc time and electrode 
changing time, and adding an appropriate 
allowance for operator fatigue (20% of 
total time). 


Because of gravity the horizontal leg 
<»t a f 1 1 let weld made in* the horizontal 
position tends to Ik* longer than the ver¬ 
tical leg. Consequently, if the vertical 
leg is made of the specified size, there is 
otten a degree of overwelding which ap¬ 
preciably increases the welding cost. 

higurc 3 shows the volume of a weld 
Mich as might he found in a fillet joint 
compared to the volume of the same weld 
made with a gap in the joint equivalent 
to one-half the size of the weld, followed 
by the normal practice of the operator 
of applying an additional amount of weld 
metal to he sure that the weld is suffi¬ 
ciently strong. 

Figure 4 shows the additional metal 
NM-d to weld a poor-fitting butt joint. 
Approaching the economics of this prob¬ 
lem from the volume of weld metal alone 


half the thickness of the plate phis the 
additional amount placed by a conserva¬ 
tive operator for safety, represents from 
two to three times the amount of weld 
metal used in the joint when it is a 
normal fitting joint. 

I his comparison leads to a vast under- 
-tauim-nt of the rost of a poor-fitting 
joint because in tin- gap-filling process 
an electrode much smaller than is normal 
IS required and a much longer time than 
usual is required for cleaning after each 
successive welding pass and for cooling 
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of the joint between passes. This greatly 
increases the time of deposition over what 
would normally be used with the regular 
size electrode for a normal joint. A poor- 
fitting joint almost invariably costs from 
two to four or five times what the same 
joint would cost if properly fitted. The 
use of setting-up fixtures will greatly 
reduce poor fit-up. 



GOOD FIT-UP (4- '/qTRIANGLE 

VOLUMES USED) V5 ‘ 

Fig. 3.—Graphic Illustration of 

Use the Most Economical Size and 

Type of Filler Metal 

The selection of the correct type of 
filler metal for a given application is im¬ 
portant. The characteristics of the gen¬ 
erally recognized types of filler metal are 
given in Chapter 38. Often the selection 
of the most suitable and least expensive 
type of filler metal depends upon some 
experimentation and an analysis of the 
purchase price of the electrodes con¬ 
sidered. 

Electrodes should be burned down to 
short stubs, usually 1V* to 2 in. or less in 
length. To minimize spatter loss, the 
electrodes should be melted at the rate 
which yields the most pounds deposited 
per unit of time. 

After the type of electrode has been 
determined the selection of the proper 
size for the application is a very im¬ 
portant cost factor. The amount of weld 
metal deposited by a given size of elec¬ 
trode per unit of time depends more 
upon the volume of metal in the wire in 
the electrode than upon any other factor. 


Stop-watch studies of burn-off rates of 
welding electrodes of different sizes from 
Vs to 5 /i«-in. diam. and all of the same 
length indicate that, with the proper 
machine setting for the deposition of an 
electrode on an average job, each takes 
about the same length of time. This 
time varies somewhat, but usually it re¬ 
quires about 75 sec. arc time to melt 12 



ROOT OPENING J/2 THE SIZE OF WELD 
(9 TRIANGLE VOLUMES REQUIRED 
AND 13 PROBABLY USED) 

Cost o£ Poor Fit-Up in Fillet Welds 

in. of electrode with a normal machine 
setting. 

Assuming this value to be correct and 
assuming that the linear rate of melting 
electrodes of different diameters is the 
same, then the amount of deposited weld 
metal for a given size of electrode de¬ 
pends upon the volume of the wire; and 
the length of time required to deposit a 
pound of weld metal is proportional to 
the square of the diameter of the elec¬ 
trode. 

This relationship, assuming 75 sec. melt¬ 
ing time and 15 sec. for changing elec¬ 
trodes, forms the basis for the differ- 


CORRECT SIZE AND rrrr .rn WASTED METAL 

VOLUME OF WELD DUE TO POOR FIT 



Fig. 4.——Graphic Illustration of Cost of Poor 

Fit-Up in Groove Welds 
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Fig. 5.—Relative Volumes of Metal Melted 
per Unit Time at Same Linear Rate from Elec¬ 
trodes of Different Diameters 

ences in cost per lb. of deposited weld 
metal using different sizes of electrodes, 
assuming a constant cost per hour for 
labor. 

Figure 5 shows the relative volumes of 
metal in 7a, Vu, Via, Va*, 7* and Vu-in. 
electrodes of equal length, based on their 
cross-sectional areas. 



CORRECT WELD 

(4 TRIANGLE VOLUMES OF “VS 
METAL REQUIRED) 

Fig. 6.—Effec 


common practice and is very easily done, 
especially on structures which involve 
a large percentage of fillet type joints. 

The comparison in Fig. 6 assumes that 
the specified 74-in. welds were increased 
only 50% from 7a to 7s in. The result 
is that more than double the amount of 
zueld metal is deposited. Conservatively 
figured, it doubles the cost of the welding. 
This represents a 100% increase in the 
welding cost. 

Obtain a Good Operator Factor (Use 

of Workman’s Time) 

A factor which exerts a far-reaching 
effect upon the total cost of a weldment 
is the operator factor. This is especially 
true of the welding operation itself, 
since it requires constant attention while 
the arc is maintained and since the per¬ 
centage of arc time fundamentally controls 
the economy of the deposition of weld 
metal. If no arc exists, no weld metal is 
being deposited, no matter what the other 
conditions may be. 

The same is true of cutting, bending, 



OVERWELDED-JOINT Vz LARGER 
THAN SPECIFIED SIZE 
(9 TRIANGLE VOLUMES OF 
METAL USED) 

of Overwelding 


There are many times when smaller elec¬ 
trodes arc used than should be. Even in 
some cases where positioning fixtures 
permit the use of welding electrodes of 
a size suitable for a given weld, smaller 
electrodes are used than are necessarily 
in keeping with good welding practice. 
This adds unnecessarily to the cost. 

Overwelding .—Overwelding is a very 


forming, machining, setting up and other 
direct labor operations, and the total 
effectiveness of the workman’s use of his 
time on productive work greatly influences 
the total cost of the finished unit. 

Welding labor costs usually include 
assembly and tack welding of the com¬ 
ponent parts as well as the actual welding, 
and incidental operations such as cleaning 
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slag from the weld and chipping the root 
or defects as required. 

Whenever practicable, in order to arrive 
at accurate costs, assembly and tacking 
and any chipping should be segregated a* 
individual items. In any event they 
should be considered as definite percent¬ 
ages of the total overall labor. 

The actual welding time consists of 
arc or torch time, changing electrodes 
or welding rods, cleaning the weld, han¬ 
dling or positioning the work, moving 
about the work to be in the correct 
position to weld and personal allowances. 
The largest single factor of these is the 
arc or torch time, which for a given 
weld size with a given electrode or weld¬ 
ing rod type and size, current and voltage 
or tip size and gas consumption can be 
very definitely controlled. All of the 
other factors will vary with the type of 
work but it is customary to establish 
them as certain allowable percentages of 
the actual welding time for definite 
classes of work. 

Arc time, as a percentage of actual 
welding time, will vary from as low as 
10 to as high as 75%, depending on the 
type of work and handling facilities. An 
average figure for moderately heavy an 1 
large work is approximately 50%. 
A high percentage of arc time is, in 
general, an indication of efficiency on the 
part of the welder, but not necessarily of 
low cost, since a high arc time percentage 
may be obtained with small diameters of 
electrode as compared to the large 
diameters, whereas the increased deposition 
rates of the latter may result in lower 
cost in spite of lower arc time. In 
general, greatest economy can be obtained 
by using the maximum diameter of elec¬ 
trode permissible for the work. 

Fundamentally, obtaining a high operat¬ 
ing factor is based upon good planning, 
good shop lay-out, good organization of 
the work, good operation (mechanical 
condition) of fixtures, jigs, machines, etc., 
combined with good morale on the part 
of the workmen themselves. Sometimes 
an incentive system contributes tremen¬ 
dously to the effectiveness of workman¬ 
ship or operator factor. 

One general principle should be kept 
in mind: after the designer has exhausted 
his wit, after materials have been selecte 1 
and processed until they bear imprint of 
many minds and machines; then the job 
goes to the welders with very exacting 


demands. Their performance determines 
whether the finished structure will be of 
poor or good quality ; their skill and care 
can overcome little faults and eliminate 
many time-consuming details and their 
failure can mean the failure of much 
work done by others. Therefore, every 
obstacle to the work of the welder should 
be removed or lessened until its ill effects 
are of no importance. 

Adequate specifications for all welding 
operations, the sequence of manufacturing 
processes, clearly defined standards of 
quality and intelligent supervision should 
be provided. The welder’s work should 
be planned to minimize physical strain 
and to insure maximum safety. Special 
attention should be given to provide 
sufficient lighting for the welder to see 
the work easily. Proper ventilation 
should keep smoke, excess heat and dust 
away, and shelter should be provided 
against wind and adverse weather. All 
such measures to sustain the general 
well-being of the welder result in in¬ 
creased efficiency. 

Figure 7 shows an example of the 
relative importance of a good accomplish¬ 
ment factor (operator factor), namely 
70%, and a poor accomplishment factor, 
namely 50%, as applied to a hypothetical 
welding operation costing a total of $100 
with good practice. 

The value 70% may appear low but 
assuming eight ;t /.« X 14-in. electrodes 
per lb. and 24 lb. melted per day, at 90 
sec. melting time and 15 sec. electrode 
change for each electrode, this results 
in a total of 42 min. of actual arc time 
and electrode changes per hr. for 8 hr. or 
a total of 336 min. of actual welding. 

Because of the confining and demanding 
nature of arc welding, it is not uncommon 
to consider a 20% fatigue or rest allow¬ 
ance factor (12 min. for rest for each 
48 min. of arc time plus electrode chang¬ 
ing time) which, when computed on 
the above basis of 336 min. per 8-hr. day, 
results in an additional total of 84 min. 
of rest allowance which should be added 
to the 336 min. devoted to welding work. 

This amounts to a total of exactly 
7 hr., leaving only 60 min. remaining in 
the day for handling time, job starting 
and stopping, cleaning up. changing 
jobs, getting electrodes, and adjusting 
che work, such as turning fixtures, 
preparing to weld, etc. Therefore, c 
is a very good operator factor althoug i 
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it is sometimes possible to achieve a 
higher one under most favorable cir¬ 
cumstances. 

A 50% operator factor which produces 
only 30 min. instead of 42 min. of welding 
work per hr. represents a direct welding 
labor cost which is 40% higher than the 
direct welding labor cost for a 70% 
operator factor. 

In the case shown in Fig. 7, this 40% 
increase in labor costs causes a 24% 
increase in the total cost of the production 
of the unit. 


welding materials, labor and overhead 
in normally good practice, compared 
to the slightly poorer practices described 
and graphically shown in the illustration. 

It should be borne in mind that each of 
these factors is considered separately in 
Fig. 8 without any special interrelation of 
the effects of one upon the other. For 
example, the cost of the effect of over¬ 
welding is based on the assumption that 
V«-in. electrodes were used in good 
practice and will also be used in the over- 
welding. If a smaller electrode should 


TOTAL COST 
= 4124.00 



Fig. 7.—-Effect of Labor Accomplishment on Total Coat 


In the foregoing eight examples of the 
specific effect of a given factor on the 
cost of a welded unit, only one at a time 
has been considered. I bis lias been done 
to make the relative value of each factor 
specific and pointed. It is important to 
diow the cumulative effect on the total cost 
»*1 all of the factors, all of which were rel¬ 
atively conservative in themselves, and 
compare them to the original cost based 
on normally attainable good practice. 

I igure 8 shows the cumulative effect 
of all of these factors considered sep¬ 
arately in a hypothetical example of a 
welded structure which requires $40 
worth of materials and $60 worth of 


he ti^ed, say 7 /.« in., which makes a 
difference of a total of ll , /»% in the 
total cost of the unit, the cost of over¬ 
welding would he 27% greater than it 
actually was assumed to be. The same 
might be said of the consideration of the 
cost ol welding with poor fit-up. 

Even with this conservative approach, 
it is of considerable interest to observe 
that while assuming the almost ideal 70%, 
operator factor, the total cost of the unit, 
with the accumulated cost effect of the 
less desirable practice (conservative 
though it may have been), amounts to 
$244 16. This is an increase of over 
144%. 
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Should we assume a 50% operator 
factor instead of a 70% operator factor, 
the cost immediately goes to $322.82 or 
an increase of 222.8% above the cost of 
the normally attainable good practice, 
rated at 100%. Even if proper discount is 
made for the inclusion of elements which 
slightly increase the overhead in some 
of these costs, the accumulated cost 
of making these hypothetical units with 
the less desirable practice exceeds by 
200% the cost with normally attainable 
good practice in arc-welding manufacture. 


often provide a very desirable margin 
of profit even at the start. The margin 
of additional profit or economic advantage 
obtainable by controlling the foregoing 
factors in the operation to the best 
practice attainable adds much to the 
competitive position of the manufacturer. 

MANUAL METAL-ARC WELDING 

Electrode Consumption 

Distribution in Use of Electrodes .— 
The factors in Table 1 represent the 


TOTAL COST =$322.82 


* 244.16 


AT 70% 
OPERATING 
FACTOR < 
FOR ALL 
LABOR 


TOTAL COST = $ 100.00 


WELDING-GOOD. 

PRACTICE = $43.00 

SETTING UP WITH.- 

FIXTURE = $4.50 

CUTTING, SHAPING,"' 
FORMING = $12.50 
ST EEL = $40.00 
(5% SCRAP LOSS) 



■ • 

1 • 

• • 


• • 


--ADDITIONAL COST OF 50% OPERATOR 
FACTOR APPLIED TO ALL ACCUMULATED 
LABOR IN LESS ECONOMICAL PRACTICE 
($196.66 WORTH OF LABOR AT 70% 
OPERATOR FACTOR) = $78.66 


-—ADDITIONAL COST OF 50% OPERATOR 
FACTOR INSTEAD OF 70% = $24.00 


ADDITIONAL COST OF OVERWELDING 
USING 3/8 IN. INSTEAD OF 1/4 IN. 

WELDS = $43.00 

ADDITIONAL COST OF POOR FIT-UP, 

50% OF JOINTS WITH ROOT OPENING 
EQUAL TO 1/2 SPECIFIED WELD 
SIZE = $43.00 

ADDITIONAL COST USING 7/32 IN. INSTEAD 
OF 1/4 IN. ELECTRODES = $ 11.50 . 

•ADDITIONAL COST OF WELDING WITHOUT 
POSITIONING FIXTURES = $21.50 

COST OF WELDING WITH GOOD 
PRACTICE= $43.00 


ADDITIONAL COST OF SETTING UP 
WITHOUT FIXTURES = $9.00 
\.—COST IF FIXTURES WERE USED= $4.50 
— ADDITIONAL COST OF WELDING INSTEAD 
OF CUTTING AND BENDING = $8.66 

"‘CUTTING,SHAPING, FORMING, 
MACHINING = $12.50 

'ADDITIONAL COST OF 25% (INSTEAD OF 
5%) SCRAP LOSS = $7.50 
--STEEL = $40.00 


GOOD PRACTICE -VS. - 


LESS ECONOMICAL PRACTICE 


Fig. 8.—Cumulative Effect of Poor Practices on Total Cost 


These differences when accumulated 
may look to be very large. In actual 
practice, careful study with a stop watch 
and other accurate measuring devices in¬ 
dicates that they are of such great im¬ 
portance that they represent the largest 
common margin for economic improvement 
in arc welding. 

New applications of arc welding in 
manufacturing seldom begin at the highest 
degree of obtainable good practice, yet 


average distribution in use for 7win. 
diain. E6010 electrodes used on medium 
size welds on an ordinary size job. 

This * flexible breakdown is adapted 
to any specific task of welding by filling 
in the best known quantities first, the 
least known last, and having the parts 
in each column add up to 100%. This 
process can be started any place in the 
table, but it is most expedient to start with 
the percent of coating for this is actually 
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a definite physical quantity which is a 
matter of knowledge, while all other 
factors are matters of practice. 

To illustrate the use of Table 1 lay a 
piece of tracing paper over it and fill in 
the spaces in each column that apply to 
the case making each column total 100%. 
For example, if the total coating is 
18% of the total weight of the electrode, 
put down 18 in line 5 column D, and 
82 in 6D. If the electrode is 18 in. 
long and 16 in. are melted, put down 89 
in 8C and 11 in 7C. The spatter loss 
depends on the position of welding and 
the current used. Coating is lost as 
spatter, but the coating already has been 
figured, so if the metal lost in spatter 
is 8% of the metal melted put down 8 
in 9B, and 92 in 10B. If no chipping 
is done on this joint neglect lines 11 and 


of metal deposited, 149 lb. of electrode 
must be bought. 

Electrode Factors .—In Table 2 lines 
1 and 2 show factors which are physical 
constants, but lines 3 to 28 show factors 
which are variable according to the 
manner in which the different electrodes 
are made and used. It should be rec¬ 
ognized, therefore, that for each classi¬ 
fication of electrode, lines 4 to 7 depend 
on the percent coating, lines 8 to 13 de¬ 
pend on the current and lines 14 to 21 
depend on the position of welding and 
the type of joint. Proper allowances 
must be made for the factors for every 
combination of circumstances. 

Converging Estimates .—Tables 1 and 2 
do not necessarily give the answers 
directly, but they always show the method 
by which the answers can be found. 


Tabl* 1—Distribution of Electrode, % Weight 


Line 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 


Column 


Electrode bought 

Used for other than welding, or wasted 
Tacking, scaffold, jigs 
Electrode used to weld seams 
Coating 

Metal used to weld seams 

2-in. stubs of 14 in. electrodes 

Metal melted 

Spatter—metal only 

Metal deposited 

Metal chipped out 

Metal in finished weld 


A 

B 

C 

D 

E 

F 

G 

• • • 

• • • 


• • • 

100 

164 

182 


# • • 



3 

5 

5 


• • « 


• • • 

7 

11 

13 




100 

90 

148 

164 




10 

9 

15 

16 


# • # 

100 

90 

81 

133 

148 



14 

13 

12 

20 

22 


100 

80 

77 

69 

113 

126 


12 

10 

9 

8 

13 

15 

100 

88 

76 

08 

61 

100 

111 

10 

9 

8 

7 

6 

• • • 

1 1 

00 

79 

68 

61 

55 

• • • 

100 


Noth: This table gives the average distribution of a « in. diam. E0010 electrode used on medium 
size welds on an ordinary size job. When making up this table for any specific task fill in the best 
known quantities first, the least known quantities last, and have the parts in each column add up to 
100 %. 


12. If none of the electrode is Used 
for tacking, and the waste is negligible, 
put down zeros in 2E and 3E, and 100 
in 4F. Upon completion of the table 
add all of the percentages in each column 
which represent a loss (coating 18V/. 
stub ends 9%, spatter 6% = 33% total) 
and substract this sum from the total 
electrodes (100%). The difference 
(67%) represents the amount of metal 
deposited in the finished job. The amount 
of electrodes to be bought for a job 
can be determined from the relation 


Electrodes Purchased _100 

Metal Deposited 67 

/.for 100 lbs. deposited metal: 

n . 100 

Electrodes Purchased — X 

o/ 


100 


= 149 lb. 

1 bus it is found that for every 100 lb 


There can easily be a welding problem 
for which not a single one of the factors 
used in these tables is correct, and for 
which the values of the factors are un¬ 
known, but the tables will still be the 
nearest road to a theoretical solution of 
the problem. They also will bring into 
evidence the items which should be 
actually determined by tests beforehand, 
or checked on the job as soon as con¬ 
struction starts. 

Every factor has natural limits and 
natural functions. For example, the per¬ 
cent of coating affects the quantity of 
electrode to buy but not the quantity 
deposited; the arc time in manual weld¬ 
ing will never be 100%, and so on. The 
point is that even if the numerical value 
of a factor is unknown, the nature of the 
factor is known, and its importance 
will be apparent from its place in the 
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tables; therefore unknown factors can metal melted is either deposited in the 

be given reasonable trial values and placed joint or lost as spatter. Generally, when 

in Tables 1 and 2. When these are com- the melting rate is increased the percent 

pletely filled in, all the factors must of spatter is also increased and the percent 

work together to produce the final result. deposited is decreased. The percent 

A check of the tables may result in spatter also varies with the diameter 

some adjustments in the least known of electrode, the type of electrode, the 

factors, and a subsequent check may position of welding and the type of joint 

result in further changes, and so on used. 

until all the knowledge and judgment If the percent spatter were constant a 
of the estimator have been brought out greater melting rate would always give 

and applied to carry the result closer a greater quantity deposited, but as the 

and closer to the actual conditions. melting rate increases there is, for some 

Table 3—Pounds of Metal Melted per Arc Hr. 


Klectrode Diam . 


Line 

In 

-— — - —-—' w 

hr 

** 

*3* 

S H 

7 S* 

'4 

5 U 

?8 

1 

Lb. of metal per 12 »u. 
of electrode —* 

0.0235 

0 0417 

0 0652 

0.0039 

0 1278 

0. 1669 

0 2608 

0 3755 

2 

I*’t of electrode ixrr lb 

metal —• 

4 2 50 

23.97 

15.34 

10 65 

7 825 

A 992 

3.834 

2.663 

3 

Melting 
Time, 
or Arc 

Sec to 
Melt 12 
la of 
lilectrodc 

20 

Melting 
Kate, 
or Ft. of 
Klertrode 
Melted 
per Arc 
Hr 

1 HO 

4 23 

7 61 

1 1 74 

16.90 

23.00 

30 04 

46.94 

67 59 

4 

22 

iA3 e 

3 84 

6 M2 

JO 1.7 

16 36 

20 91 

27 30 

42.67 

61 4 3 

b 

24 

ISO 

3 53 

6 26 

9 78 

1 1 00 

19 17 

25 oi 

39. 12 

56.33 

6 

25 

141 

3.38 

6 00 

'.) 3t) 

13 52 

IK 40 

24 03 

37 56 

54 07 

7 

2ft 

138 A 

3 26 

5 7*. 

9 03 

13 Ul 

17.70 

23 12 

36 12 

52.01 

b 

JH 

128 (i 

3 02 

A 36 

8.38 

12 OM 

16.45 

21 16 

33.54 

48.29 

v 

30 

120 

2 82 

5.00 

7 . M2 

1 1 27 

1 A 3 4 

20 03 

31 30 

45 06 

hi 

35 

102 V 

2 42 

4 2 V 

6 71 

0 66 

13 15 

17 . 17 

26.84 

38 64 

11 

40 

VO 

2 12 

3 75 

5 M7 

M 45 

1 1 50 

15 02 

23 4 7 

33 80 

u 

4** 

HU 

*1 KM 

3 34 

5 22 

7 61 

10 22 

13 3 . 

20 86 

30 04 

n 

AO 

72 

) OV 

3.00 

l 69 

6 76 

9 20 

12 02 

18 78 

27 04 

1 1 

55 

nr, 

1.51 

2 73 

4 27 

6 15 

M 36 

10.92 

17 07 

24.58 


AO 

60 

1.41 

2 50 

3 VI 

A 63 

7.67 

10.01 

1A. 65 

22.53 


6.". 

5ft 38 

1 30 

2 31 

3 61 

5 20 

7 OK 

9 24 

14 4 4 

20.80 

17 

70 

A1 43 

1 21 

■» i r , 
a . 1 »l 

3.35 

1 M3 

6 57 

8. AM 

13 4 1 

19 3 1 

m 

7 A 

48 

1 13 

2 (H) 

3 13 

4 61 

6 13 

8.01 

12 52 

18 02 

it) 

HO 

45 

1 06 

1 MM 

2 D3 

4 23 

5.75 

7.51 

1 1 74 

16.90 

21) 

&A 

42.35 

0 Vi) 5 

1 77 

2 76 

3 08 

5 4 1 

7 07 

1 1 04 

15.90 

21 

VO 

40 

0 V40 

1 67 

2 61 

3 76 

5 1 1 

6 68 

10.43 

15 02 

22 

VA 

37 8'.) 

0 8VO 

1 AM 

2.4M 

3 56 

4.84 

6 32 

9 88 

14.23 

2.1 

100 

36 

0.84ft 

1 50 

2.35 

3 38 

4 .60 

6 01 

9 39 

13 62 

24 

1 lo 

32.73 

0 76V 

1 36 

2.13 

3.07 

4 18 

5.46 

8.54 

12.29 

25 

120 

30 

O 705 

1 .25 

1 V6 

2 M2 

3 83 

5 01 

7.82 

11.27 


130 

27 60 

O 651 

1.15 

1 Ml 

2 60 

3 A 4 

4 62 

7 22 

10.40 

27 

140 

25 71 

0 604 

1 07 

1 6M 

2 41 

3 2'.) 

4 29 

6 71 

9 65 


150 

2 4 

0 561 

1 OO 

1 56 

2 25 

3 07 

4 01 

6 26 

9.01 


N»m Thi> table upplirs to all electrodes of the tame specific gravity 7 85. the same us .steel 


Melting Tims, Melting Kate and electrodes, a point beyond which the in- 

(Juantity of Metal Melted. —The melting crease in spatter uses up more metal 

time the number of seconds used to than is supplied by the increase in the 
melt one f<*»t of electrode. The melting quantity melted. This is the point of 

'ate js the feet of electrixle melted per maximum deposition rate. The point 

ire h<rtir. The quantity of metal melted of maximum deposition rate lies within 

dejK-nd' on the melting rate and the the workable melting rate for some elec- 

dianuter of the electrode and on nothing trodes, but for others it is found at a 

*“Ne fable 3 shows melting time, melt- greater current than is consistent with 

mg ratr and quantity of metal melted good practice in which case the 

per arc hour. maximum practical current controls the 

nan tit y of Metal Deposited . —The maximum deposition rate. 
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The two cases are illustrated in Fig. 9. 
An E6010 electrode is pictured as having 
the point of maximum deposition rate in 
the region of workable current and the 
deposition curve has a smooth crest. 
This m^ans that a small variation in 
current will not materially affect the 
quantity of metal deposited in a certain 
time although the quantity of metal melted 
varies directly with the current. The 
deposition curve of the E6013 electrode 
is pictured as having no crest; the per¬ 
cent spatter does increase with the current 
and the melting rate but not fast enough 
to consume the additional metal melted. 
In this case the maximum workable amper¬ 
age is the limit on the quantity of metal 
deposited per arc hour. 


2. The quality of fit-up. 

3. The actual cross-section of the 
finished weld. 

4. The calculated pounds deposited 
per ft. of weld. 

5. The assumed percent spatter. 

6. The calculated amount of elec¬ 
trode melted per ft. of weld. 

7. The assumed melting time. 

8. The assumed percent arc time. 

These factors juriciously applied will 
produce a converging estimate which prob¬ 
ably will give the best possible theoreti¬ 
cal solution. However, the estimator is in 
a far better position if he has production 
records or can arrange trial runs in the 
field or in the laboratory. Then he can 
forget about points 1 to 5 and deal with: 


Arc Time 

Arc time is the part of the welder’s 
total work time in which the welding 
arc is in action. The arc time can never 
be 100% in manual welding, for a certain 
amount of time is required to change 
electrodes, etc.; but the arc time can be 
increased by organizing the working crew 
so that the welder is not delayed by 
miscellaneous tasks which can be per¬ 
formed by others. 

Table 2 shows a 60% arc time for 3 /i«- 
in. E6010 electrodes in the flat position. 
This figure is often attained welding 
straight runs but variations from 30 to 
75% arc time are also common depending 
upon the type of structure, the position of 
welding, the makeup of the crew, and the 
experience of the welding operator. 
Table 2 shows other factors which in¬ 
fluence the arc time: the rise from 60 to 
63% is a result of changing from 14- to 
18- in. electrodes and the rise from 63 to 
65% is the result of increasing the melting 
time from 75 to 100 seconds. Both 
factors increase the length of arc time 
between interruptions and thereby the 
total arc time in a given period. 

The quantity of welding produced in a 
day is directly proportional to the per¬ 
cent of arc time, other factors being 
constant. 

Production Estimates 

Any large footage of weld of a certain 
type, size, position, etc., should be given 
a special study, which can be guided by : 

1. The ideal cross-section of the 
joint. 


(a) Observed amount of electrode 
melted per ft. of joint. 

( b ) Observed melting time. 

( c ) Observed percent arc time. 

For example: 

(a) 3 electrodes melted per ft. of 
joint. 

( b ) 60 sec. melting time per ft. of 
electrode. 

(c) 50% arc time and 3600 sec. per 
hr. 


3 600x50 _ 

3X60X100 “ 


10 ft. welded per hr. 


This is called the three-factor method 
of estimating. 

The Three-Factor Estimate 

It has been customary to estimate all 
types of welded joints in terms of the 
quantity of weld metal deposited per ft. 
of joint and such quantities have been 
determined at great effort by estimators 
and in laboratories. The 1942 edition of 
the AWS Welding Handbook, for ex¬ 
ample, gives long lists of values for 
different types of joints. The unfortunate 
aspect of this method is that there is 
usually no way of checking the results 
in the field, that is, it is usually not practi¬ 
cal to weigh a structure before and after 
it is welded, and therefore a convincing 
proof of the accuracy of weight allowances 
is difficult to produce. 

A three-factor estimate is, in the first 
place, no more or less accurate than a 
weight estimate when both are based on 
the same data and tests, but the three- 
factor estimate is open faced, its factors 
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are expressed in simple language which 
meanb the same to the Chief Engineer 
and the welder, to the seller and the buyer. 
This common ground of understanding is 
very important, but the greatest value of 
the thiee-factor method is that the actual 


The three-factor estimate is equally 
applicable to all types and all units of 
welding, fillet welds or butt welds, in¬ 
dividual joints or complete assemblies. 
This method can be used by itself or as 
a supplement to weight estimates or to- 


/« V 


>A 


V* 


Vi. 


V 2 


•/» 


POUNDS OF METAL 


POUNDS 
METAL 
MELTED 
PER FOOT 
OF 

ACTUAu 

FILLET 


°/o 

SPATTER 0 . H . 
25 


POUNDS METAL DEPOSITED 
PER FOOT OF 
ACTUAL FILLET 


POUNDS METAL PER FOOT 
IN 45 DEG.TRIANGLE OF 
NOMINAL SIZE - 




Nominal size of fillet, in. */ s Vi6 *A Vi« 3 A 7 /m 1/2 Vi« 

Sq. in. of throat in 1 in. length of 

nominal-size weld 0.088 0.133 0.177 0.221 0.205 0.301) 0.354 0.31)8 

Lb. metal per ft. in 45 deg. triangle of 

nominal size 0.0205 0.051)8 0.1001 0.1059 0.2390 0.3254 0.4250 0.5379 

Lb. metal deposited per ft. of actual 

size 0.080 0.12 0.16 0.22 0.30 0.38 0.48 0.00 

Comparative allowable strength of 

weld 2 3 4 5 0 7 8 9 

Comparative quantity of metal in 
actual fillet per unit allowable 

strength 108 100 100 112 125 137 150 105 


Diam¬ 

eter, 

In. 


Spat 

ter, 

% 


eet of elec- | 

; V 32 

25 

OH. 

1.8 

2.5 

3.3 

• • • 

• • • 

• • • 

• • • 

• • • 

trode 

V16 

20 

Vert. 

1.2 

1.0 

2. 1 

2.9 

4.0 

5.0 

0.4 

8.0 

melted per 

. 7 32 

15 

Horiz. 

• • • 

1 . 1 

1 .5 

2.0 

2.8 

3.5 

4.4 

5.5 

foot of ( 

•A 

10 

Down 

• • • 

• • • 

1 . 1 

1.5 

2.0 

2.5 

3.2 

4.0 

weld 1 

. Vie 

10 

Down 

• • • 

• • • 

• • • 

1 .0 

1.3 

1.6 

2.0 

2.6 


Fig. 10.—Fillet Weld Data 


value of each factor can be observed in 
practice. The feet of electrode melted 
per ft. of joint and the melting time can 
be checked by anyone with a rule and 
an ordinary watch, and instruments to 
determine the arc time arc commonplace. 


gctlier with whatever data is on hand 
pertaining to each problem. 

Fillet Welds 

Figure 10 gives data on fillet welds. 
The graph makes the same allowance for 
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lap joints and tee joints and it does not 
distinguish between different types of 
structures. The values given in the graph 
are adequate for small assemblies with 
simple welding and for larger assemblies 
with botli lap and tee joints in several 
positions, because such assemblies will 
fall near the average anyway. 

Groove Welds 

The logical first observation to make 
of a groove weld is the cross-sectional area 
to be filled in with weld metal. It is true 
that this area, and thereby the quantity 
of weld metal deposited, is affected by 
the tolerance in preparing the plate edges, 
the actual spacing and alignment of the 
plates, the shrinkage which occurs during 
welding, and the final contour of the weld; 
but the first step toward an economical 
groove weld is to design a joint with 
as small a cross-sectional area to be 
filled as is practical. 


diam. electrode, bill in these quantities in 
Column 7. The spatter loss will probably 
be 15%. On that basis Table 5 gives the 
feet of electrode melted to deposit 1 lb. 
and this results in the figures of 1.8, 8.8 
and 10.6 in column 6 of Table 4. Based 
on melting times of 60 and 80 sec. the 
arc min. per ft. are 1.8, 11.7 and 13.5 in 
Column 8. Finally, at 30 arc min. per 
hr. it is estimated that the production will 
be 2.22 ft. welded per hour. 

To the same degree as the actual pro¬ 
duction misses the mark of 2.22 ft. per hr. 
some factor in columns 5, 6 or 9 is in 
error. If an error exists, it can be located 
with a rule and a watch and a few ob¬ 
servations on the job. Such simple 
measurements can positively determine 
every figure in columns 5, 6 and 10, and 
these results will yield the true values for 
columns 8 and 9. 

After the facts are recognized, the 
facts and figures can he brought to 


Table 4—Estimate or Production Record 


Col. 1 

•> 

mm 

3 1 

o 

0 

7 

8 

9 

10 

Pku 

Position 

of 

lilcrtrode Current, 

Sec to 
Melt 
12-In. 
Blec- 

elec¬ 
trode 
Melted 
per Ft. 
of Joint, 

Metal 
Deposited 
per Ft. 
of Joint, 

Arc 

M i n. 
per Ft. 

Arc 

Min. 

Ft. of 
Joint 
Welded 

No. 

Welding 

Diam., In. Amp 

t rode 

Ft 

Lb. 

of Joint 

per Ilr. 

per Hr. 

1 

Vert 

Sa 

(SO 

1 8 

0. 10 

1 .8 

• • 

• • 

lialwticc 

Vert 

?16 

Kl) 

*.8 

0.70 

1 1 7 

• • 

• • 

Totals. 

*#•«#•!• • • 

»•••••« »••■•*•••*• 

• • 

10 0 

0 80 

18 ."> 

30 

2.22 


l or best economy the largest diameter 

electrodes should be used, and the weld- 

# 

mg grooves should be wide enough to 
permit easy manipulation of the electrode. 
Closing the bottom of the groove—that 
»s zero root opening—will mean a smaller 
open cross-section, but it may mean more 
feet of electrode melted to produce heat 
to fuse the parts. The design of the 
joint may also be controlled by the cost 
of edge preparation. 

1 he form of Table 4 is useful both 
tor making an estimate and for checking 
'he factors in actual production. Let 
us suppose that no production records 
are available for the joint in question, 
and on the basis of the cross-sectional 
area it is decided that it is required to 
deposit 0.80 lb. of weld metal per ft. of 
joint, of which quantity 0.10 lb. will 
deposited in the first pass with */»-in. 
diam. electrode, and the balance, or 0 70 
lb. per ft , will be deposited with */i«-in. 


correspond, and in this manner, what 
started out as an estimate is turned 
into a production record. Such records 
make the logical foundation for other 
estimates, for each one is really a solved 
equation of the factors and data involved 
in estimating the cost of welding. 

The Cost Estimate for Manual Arc 
Welding 

A cost estimate based on the laws of 
economics often governs the selection of 
designs, which in the first place are based 
on functional requirements and structural 
properties. All estimates are based on 
experience, and therefore the basis for 
cost estimates is cost records whether 
these be based on statistical or individual 
experience. 

The following parts comprise a cost 
estimate: 

1. Direct calculations based on 
known factors, extensive cost records, 
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contracts in existence, quotations on 
material, freight rates, power rates. 

2. Projected calculations based on 
factors not entirely known, going be¬ 
yond cost records, larger sizes, new 
shapes, new processes, contracts to be 
let. 

3. Assumptions based on judgment 
and consideration of current trends, 
hazards, acts of man, acts of God. 


Many of the values used are taken from 
the preceding charts and tables. 

All costs given are fictitious and no 
amounts are stated, but the figures given 
for each item represent the percentage 
of total direct cost based on the total for 
the first design as 100. 

Note that a change in one item changes 
the overall value, or the overall im- 




Table 5—Feet of Electrode Melted to Deposit 1 Lb. Metal 



Line 

Electrode Diam., 

In. —► 

H? 

% 

%2 

He 

H2 

V\ 

He 

% 

1 

Lb. of metal in 12 
in. of electrode —» 

0.0235 

0.0417 

0.0652 

0.0939 

0.1278 

0.1669 

0.2608 

0 .3755 

2 

Ft. of electrode per 
lb. metal —► 

42.50 

23.97 

15.34 

10.65 

7.825 

5.992 

3.834 

2.663 

3 

% Spat¬ 
ter = 
Metal 
.Spatter/ 
Total 
Metal 
Melted 
0 

% De¬ 
posited = 
Metal De¬ 
posited/ 
Total 
Metal 
Melted 

100 

42.50 

23.47 

15.34 

10.65 

7.825 

5.992 

3.834 

2.663 

4 

5 

95 

44.74 

25.23 

16.15 

11.21 

8.237 

6.307 

4.036 

2.803 

5 

10 

90 

47.22 

26.63 

17.04 

11.83 

8.694 

6.658 

4.260 

2.959 

6 

15 

85 

50.00 

28.20 

18.05 

12.53 

9.206 

7.049 

4.511 

3.133 

7 

20 

80 

53.13 

29.96 

19.18 

13.31 

9.781 

7.490 

4.793 

3.329 

8 

25 

75 

56.67 

31.96 

20.45 

14.20 

10.43 

7.989 

5.112 

3.551 

9 

30 

70 

60.71 

34.24 

21.91 

15.21 

11.18 

8.560 

5.477 

3.804 

AM 

10 

35 

65 

65.38 

36.88 

23.60 

16.38 

12.04 

9.218 

5.898 

4.097 

11 

40 

60 

70.83 

39.95 

25.57 

17.75 

13.04 

9.987 

6.390 

4.438 


as steel. 


In weighing the cost of one design 
against the cost of an alternative design 
an estimate should deal with: 

1. Constants or controlling factors, 
such as overall dimensions, time of 
completion, specifications. 

2. Variables or controlled factors, 
such as dimensions of details, equipment 
and labor required for details, grade 
of material (which can alter allowable 
stresses and alter total weight). 

Estimates which do not go beyond 
experience can be made with precision, 
but the introduction of every unsettled 
factor reduces the actual precision of 
the estimate, and in that case most figures 
beyond three significant places are mere 
window dressing. 

Sample Estimate 

A structure with very simple details 
is used in the following example (Charts 
1 through 4 showing estimate No. 2203) 
which compares the merits and costs of 
several designs. Design in this sense in¬ 
cludes the entire process of fabrication. 


portance, of all items; but a change in one 
item does not affect the relation of a 
second item to a third item. For example, 
if the cost of railroad freight increases, 
welding will become a smaller percentage 
of the total cost, but this does not affect 
the relative cost of welding and painting. 

In actual estimating there will be many 
advantages in showing dollar costs in¬ 
stead of percentages. 

This sample estimate will illustrate 
both the outline and the procedure foi 
estimating. 

Outline of Steps Taken in Estimating 

1. State the Problem (define the task 
and the time). 

2. List the Constants (the final proper¬ 
ties of the structure). 

3. Pick a Working Unit (make the 

unit a quantity which the mind can com 
prehend, which could be used in reality, 
and which contains the recurring features 

of the structure). 

4. Estimate the Constants (estimate 
all items which will be the same for all 
designs considered). 
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Chart 1 

ESTIMATE NO.—2203 MADE—T.A. 2-8—18 APPR — S.F. 2-8-48 PAGE 1 OF 3 

UNIT—100 Ft. Pipe. 30 In. I.D., K-In. Plates OPERATION—Planning 

The Task: Fabricate a pipe line and deliver assembled in trench. 

The Time: Install in trench progressively in 8 months. 

Constants: Plate thickness in ; I.D. = 30 in.; O.D. = 31 in. 

Circumferential plate length = 96 in. = 8'0". 

Plates weigh 20.4 lb. per sq. ft. 

Plain pipe weighs 163.2 lb. per ft., 861.696 lb. per mile. 

Total weight = 17,233,920 lb = 8,617 tons. 

Total length = 105,600 ft. = 20 miles. 

Time: 8 months (X52/12) = 34.7 weeks, (X5) = 173 work days 
105,600/173 = 610 ft. installed per work day = 99,500 lb. 


Design A—Shop Assembly 
Assemble alongside trench 
Assemble over trench 

Design B—Shop Assembly 
Assemble alongside trench 
Assemble over trench 

Design C—Shop Assembly 
Assemble alongside trench 
Assemble over trench 


6 Lengths (5) 8 ft. = 48 

7 Lengths (a» 48 ft. = 336 
2 Lengths (a, 336 ft. ■= 672 

5 Lengths <g» 9 ft. = 45 

8 Lengths (q 45 ft. = 360 
2 Lengths @ 360 ft. = 720 

1 Length (a* 30 ft. = 30 
12 Lengths (a* 30 ft. = 360 

2 Lengths (a, 360 ft. = 720 


ft. 

=3 

7,840 lb. 

ft. 

=3 

54,880 lb. 

ft. 

=* 

109,760 lb 

ft. 

a 

7,350 lb. 

ft. 

= 

58,800 lb. 

ft 

=° 

117,600 lb. 

ft 

S3 

4,900 lb 

ft 

— 

58,800 lb 

ft. 


117,600 lb 


5. Estimate the Variables (take each 
design separately and estimate the re¬ 
maining items it contains). 

6. Compute the Final Estimate (the 
total estimate will be the constants plus 
the variables). 

In the comparison of designs A, B, 


worthy that savings are accomplished 
by eliminating welding. Design C has 
reduced the footage of welding by one- 
third ; this reduces the welding cost by 
6% of the overall and it also reduces 
the cost of fabrication by 6% of the over¬ 
all cost even though the cost of forming a 
plate is three times as much in Design 


ESTIMATE NO —2203 MADE—T.A 
UNIT—100 Ft. Pipe, 30 In I D.. \ x In 


Line 

1 

2 

3 

4 

5 

6 
7 

H 

0 

10 

1 1 
12 

13 

14 

15 

16 

17 

18 


19 

20 
21 

22 

23 


Item 


16,320 lb. plates 
Fabrication and handling 
Unloading, handling, loading 
Unloading, hauling and placing 
in trench 
Sandblasting 
Painting 

Welding one long seam using 
sheared plate edges 
Subtotal 
Railroad freight 

Items common to all designs — 
constants 

Design A: 6 (ft 8 ft ~ 48 ft 
Shearing one plate on four sides 
Planing two edges for circum¬ 
ferential seam 

Rolling one plate and tacking 
long, seam 
Subtotal 

Fitting and welding splice in shop 

Pitting and welding splice along¬ 
side trench 

Fitting and welding splice over 
trench 

Painting field splices 
Details of Design A, Variables 
Design A, Constants 
Design A. Total 


note- 

C as in 

I )t*sij>n 

A. 



Chart 2 

2-8-48 

Plates 

APPR —S F. 2- 

OPE RATION— 

-8-48 PAGE 2 OI 

-Summary 

•' 3 




Cost of 

No. in 

Totals 

M uterial 

Equip 

Labor 

Item 

Unit 

per Unit 

38 

• • 

• • 

38 

1 

38 

9 • 

1 

2 

3 

• • • 

• • 9 

9 9 9 

• • 

4 

6 

10 

• 99 

e ^ 

# 0 

1 

1 

2 

9 • • 


1 

9 • 

1 

2 

9 9 9 

* 9 9 

9 9 9 

1 

1 

6 

H 

9 9 9 


2 

7 

16 

25 

1 

*99 

25 

• s 

9 9 

• • 

16 

1 

16 

40 

7 

16 

16 

9 9 9 

71) 

7 (<$ 48 ft 

. = 336 ft 

2 (cu 336 ft. 

- 672 ft 


• 9 

0.06 

0.07 

0.13 

• • • 

9 9# 

• • 

0.21 

0 26 

0.47 

9 9# 

• 99 

9 • 

0.06 

0. 14 

0.20 

9 9 9 


• • 

0 . 33 

0.47 

0.80 

100/8 

9 9 9 

10 

0.10 

0 17 

0.40 

0.07 

5 X 100 

7 





48 


0 . io 

0.10 

0.90 

1 10 

0 X 100 

o 

** 





330 


0 10 

1 .00 

2.30 

3 . 40 

100/336 

I 

0.20 

• • 

0.26 

0.40 

100/48 

1 


21 

79 

100 
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Manual Arc Welding Stainless Steel 

In welding stainless steel, the general 
factors influencing welding cost as out¬ 
lined above bear at least the same relative 
importance as with other ferrous materials, 
and probably even more, due to the fact 
that both the materials and electrodes for 
stainless steel welding usually are more 
expensive than for most other ferrous 
materials. 


a given joint may be estimated from 
the following formula: 



28 V 

E (100—.9) 


where 

W — Lb. of electrodes required 
V — Volume of filler metal in cubic 
inches 

E — Deposition efficiency (ratio of 


Chart 3 

ESTIMATE NO.—2203 MADE-T.A. 2-8-48 APPR.—S.F. 2-8-48 PAGE 3 OF 3 


UNIT—100 Ft. Pipe, 30 In. I.D., J^-In. Plates OPERATION—Summary 







Cost of 

No. in 

Totals 

I.ine 

Item 

Material 

Equip. 

Labor 

Item 

Unit 

per Unit 

1 

Design B: 5 @ 9 ft. = 45 ft. 

8 (ft 45 ft. 

= 360 ft 

2 

© 360 ft. = 

= 720 tt. 


2 

3 

.Shearing plate on four sides 
Planing two edges for circum¬ 

• • 

0.05 

0.06 

0.11 

• • • 

• • 


ferential seam 

• • 

0.21 

0.24 

0.45 

• t • 

• • 

4 

Rolling plate and tacking longi¬ 








tudinal seam 

• • 

0.06 

0.10 

0.16 

• • • 

• • 

■) 

Subtotal 

• • 

0.32 

0.40 

0.72 

100/9 

8 

6 

Extra charge for extra-wide plates 

2 

• • 

• • 

• • 

• • • 

2 

7 

Subtotal 

• • 

• • 

• • 

• • 

• • • 

10 







100 

6 

8 

Fitting and welding splice in shop 

0 . 10 

0.10 

0 .34 

0.54 

1 X 45 


9 

Fitting and welding splice along¬ 





7 X li° 

360 



side trench 

0.10 

0 . 10 

0.80 

1 .00 

•> 

10 

Fitting and welding splice over 





100/360 

1 


trench 

0 . 10 

1.00 

2.45 

3.55 

11 

Painting field splices 

0.20 

• # 

0.26 

0.46 

100/45 

1 

12 

Details of Design B, Variables 

# # 

• • 

• • 

• • 

• • • 

20 

13 

Design B, Constants 


• • 


• 

• • 

• • • 

79 

14 

15 

16 

Design B, Total 

• • 

• • 

• • 

• • 

% • • 

99 

Design C: 1 © 30 ft. = 30 ft. 

12 @ 30 ft. = 3GO ft. 

2 © 360 ft. 

= 720 ft. 


17 

Shearing plate on four sides 

• • 

0.08 

0 . 10 

0.18 

• • • 

• • 

18 

Planing two edges for circum¬ 






• 


ferential seam 

• • 

0.24 

0 . 18 

0.42 

• • • 

• • 

19 

Rolling plate lengthwise tacking 








longitudinal seam 

• # 

0.33 

0.27 

0.60 

• • • 

• • 

4 

20 

Subtotal 

• • 

0.65 

0.55 

1.20 

100/30 

4 

21 

Fitting and welding splice along¬ 





,, w 10° 

o 


side trench 

0 . 10 

0.10 

0.80 

1.00 

11 X 360 

O 

22 

Fitting and welding splice over 





100/360 

i 

i 

9 

79 

88 


trench 

0.10 

1 .00 

2.45 

3.55 

23 

Painting field splices 

0.20 

• % 

0.18 

0.38 

100/30 

24 

Details of Design C, Variables 

• • 

• • 

• • 

• # 

• • • 

25 

Design C, Constants 

• • 

# . 

• • 

• • 

• . • 

26 

27 

Design C, Total 

• • 

• • 

• • 

• • 

• • • 


For purposes of cost estimation, Fig. 
10 given in the previous section may 
be used to estimate the amount of weld 
metal required for various sizes and types 
of joints. Figure 11 shows in graphic 
form the approximate deposition rates 
for commercial stainless electrodes hav¬ 
ing lime type coatings. Titania type 
coatings usually show rates slightly below 
the shaded area in Fig. 11. 

The quantity of electrode required for 


weight of weld metal to 
weight of consumed electrode), 

c /o 

S = Stub loss, r /o 


timates of costs for manual ar< ~ 
ing of stainless steel may be built 
the plan described above for othei 
ial arc welding estimates by listing 
constant factors and estimating t ie 
ing factors as previously described. 
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Manual Metal-Arc Welding of Alu¬ 
minum 

The general factors discussed in the 
beginning of this chapter apply to estimat¬ 
ing costs for manual metal-arc welding of 
aluminum as they do to welding other 
materials. The welding of aluminum is 
discussed in detail in Chapter 32. 

In addition to the general factors pre¬ 
viously discussed, estimates for manual 
welded aluminum fabrications should in¬ 
clude special attention to two additional 
factors. 

Preparing the parts for aluminum struc¬ 
tures usually requires a machine cutting 
operation which, from a cost-estimating 
standpoint, is little different from the 
cutting and preparing of other metals, 
but which for shape cutting may be more 
expensive than oxygen cutting of ferrous 
materials. 

A second factor which should be an¬ 
alyzed is the cost of cleaning welds after 
deposition. In some cases the cleaning 
process requires a chemical treatment, 
the labor, materials and equipment for 
which may involve a larger proportion 
of the overall cost of producing the struc¬ 
ture than is commonly the case for welded 
ferrous structures. 


Chart 4 


Design 

A 

11 

C 

Constants 

70 

70 

70 

Variables 

21 

20 

0 

% of total cost 

100 

00 

S8 

Longitudinal welds 

8 

8 

8 

Circumferential welds 

10 

0 

4 

All welds—% of total cost 

18 

17 

12 

I't of welding per 100 ft. of 




pipe: 




Longitudinal seams 

100 

100 

100 

Circumferential seams 

100 

80 

27 

Total ft. of welding 

200 

i 89~ 

127 

Ft of welding, c / t 

100 

o.*> 

04 


Cost estimates may be made for manual 
metal-arc welding of aluminum following 
the general plan of those previously given 
for manual metal-arc welding with 
ferrous materials, the electrode’s deposi¬ 
tion rates and other data being given 
in Chapter 32. 

ATOMIC HYDROGEN ARC WELDING 

Estimating costs for atomic hydrogen 


arc welding, either manual or mechanical, 
follows the general plan of estimating 
previously described. A description of 
the atomic hydrogen welding process is 
given in Chapter 11. 

Data for computing atomic hydrogen 
welding costs in the following tables and 
paragraphs are based upon arc time only. 


ELECTRODE DIAMETER, IN 



^*9- 11.—-Deposition Rates for Stainless Steel 
Electrodes with Lime-Type Coverings 


In making estimates for either manual 
or automatic atomic hydrogen welding 
costs, the list of factors shown in 
I able 1 must be expanded to include such 
elements as hydrogen consumed and tung¬ 
sten electrode consumed, with such ele¬ 
ments as electrode coating eliminated. 

1 he general plan for estimating costs 
follows that for manual metal-arc welding 
previously outlined. 

1 be data for manual welding are given 
in I ables 6 and 7. In using these data for 
computing welding time, the length of 
the seam should be increased to com¬ 
pensate for the time required to start 
and finish the weld and for intermediate 
pauses. A fairly accurate value is 1 in. 
plus an additional inch for each 2 ft. 
of length. 

For automatic or machine welding, 
data are available for butt joints only, 
as other joint types arc seldom used. 
Material having a thickness in excess 
of ‘/.e-in. is seldom welded by machine 
welding. When it is, a proper backing 
must be used or some equally effective 
method provided to avoid spill-through, 
for very thin material, magnetic sta- 
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Table 6—Manual Atomic Hydrogen Data for Various Thicknesses and Types of Joint 


.-Lap Joint-• --Butt Joint-' 

Thick., Speed. Thick., Speed, 

In. In./Min. In. In./Mi n. 


A2 

Difficult 

K 6 

8-9 

%2 

7.5-8.5 

A 

7-8 

Kc 

3.5-4.5 

A 

2.5-3.5 

H 

2-2.5 

A 

1 .5-2 

A 

2-2.5 


G-8 a 

A 

7-& a 

Up 

00 

1 

►—* 
c 

fra 


A 2 

8-9 

Kg 

• • • 

9-12 

H 2 

8-10 

A 

7-10 

Kg 

3-3.5 

• • • 

A 

• • • 

2.5 -3 

% 

• • • 

1-1.5 

• • • 

• • • 

H 

0.75-1 

A 

• • • 

1-1 .5 

• • • 

6-8 

A 

7-9 

Up 

8-10 


-Corner Joint-' -•-Edge Joint • 

Thick , Speed, Thick., Speed, Current, Power, 

In. In./Min. In. In./Min. Amp. Kwhr. 


A2 

11-12 

• • • 

• • • 

• • • 

A 2 

Kg 

13-14 

• • • 

A 2 

A 

10-11 

9.5-10 

M G 

H 2 

• • • 

• • • 

A 

Kg 

4-5 

• • • 

3/ „ 

• • • 

• • • 

/ I 6 

K 

3-3.5 

• • • 

H 

2-3 


• • • 

• • • 

78 

A 

1.5-2 

Vi 

• • • 

K 

1.75-2.5 

• • • 

A 

• • • 

6-8 

• • • 

A 


A 

7-9 

Up 

Up 

8-10 



• # • 

15-20 

1.1 

11-13 

20-25 

1.4 

• • • 

25-30 

1.8 

12-13 

30-35 

2.2 

10-12 

35-40 

2.6 

9-10 

40-45 

3.0 

• • • 

45-50 

3.5 

5.5-G 

50-55 

3.9 

• • • 

55-60 

4.4 

4-4.5 

60-65 

4.9 

2.5-3.5 

60-65 

4.9 

2-2.5 

70-75 

6.0 

• • • 

75-90 

7.1 

2.5-3 

90-100 

8.5 

6-8 

100-120 

10.1 

7-9 

120-140 

12.5 

8-10 

150 

15 


a These speeds are expressed in cu. in. of filler rod deposited per hr. 


bilization of position of the arc is nec¬ 
essary. For computing welding time, 
the data from Table 8 should be used. 
It should be noted that a much higher 
duty factor than for manual welding is 
usually obtained, and that no addition for 
the start and finish of the weld is 
necessary. 

CARBON-ARC WELDING 

In making cost estimates for either 
manual or automatic carbon-arc welding, 
the general factors influencing welding 
costs as outlined in the first section of 
this chapter exert their influence. The 
estimating plan as outlined for manual 
metal-arc welding shown in Table 1, with 
the deletion of electrode coating losses 
and the addition of flux costs, is also 
applicable to carbon-arc welding 

Automatic (Machine) Carbon-Arc 
Welding 

Data covering automatic carbon-arc 
welding are given in Chapter 9. From 


these data, estimates of costs of making 
welds automatically with the shielded car¬ 
bon arc can be made. The items and 
use of information are listed below. The 
cost values shown are not necessarily 
representative of any real values and it 
is assumed that appropriate values will 
be substituted in actual estimates. 

Labor .—The price of labor for welding 
operators varies considerably due to local 
conditions, etc. For simplicity only, the 
figure used is $1.50 per hour. 

Pozver .—Volts and amperes are given so 
that the amount of power is known. The 
efficiency of machines for carbon-arc volt¬ 
age requirements can be taken as an aver¬ 
age of 60%. Power cost is assumed as 
$0.02 per kilowatt-hour. 

Electrodes .—The life of a 13 1 / 2 -in. or 
19 1 /s-in. carbon electrode will vary from 
about 8 A to 3 hr. depending upon various 
conditions. For a basis of estimating 
costs the carbon consumption will be 
figured at $0.10 per hr., since carbon cost 
per ft. of welding is negligible. 

Paste Type Flux .—Cost per lb. is as- 


Table 7 

—Consumption Rates for Tungsten 

Electrode and Hydrogen 


-0.040 Elect.-' 

Hyd., 

Tungs., Cu. Ft./ 
In./Min. Hr. 

-0.062 

Tungs., 

In./Min. 

Elect.-' 

Hyd., 
Cu. Ft./ 
Hr. 

--0.093 Elect.- 

Hyd., 

Tungs., Cu. Ft./ 
In./Min. Hr. 

, ,-0.125 Elect.-- 

Hyd., 

Tungs., Cu. Ft./ 
In./Min. Hr. 

,-0.187 

Tungs., 

In./Min. 

Elect.-—' 
Hyd., 
Cu. Ft./ 
Hr. 

0.73 30 

1.14 30 

• • • • 

0.55 
0.8G 

1.30 

1.85 
2.51 

• • 

• • 

• • 

• • 

40 

40 

40 

40 

40 

• • 

• • 

• • 

0.66 

0.75 

0.94 

1.16 

1.42 

1.72 

2.04 

• • 

• • 

45 

45 

45 

45 

45 

45 

• • 

• • 

• • 

0.44 

0.52 

0.61 

0.71 

0.82 

0.94 

1.07 

1.07 

1 .38 

55 

55 

55 

55 

55 

55 

55 

55 

55 

L31 

1.57 

1.94 

2.75 

3.90 

• • 

• • 

• • 

• • 

90 

90 

90 

90 

90 

• • 

• • 

• • 

• • 
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sumed as $0.35 and 1 lb. will cover an 
average of 300 ft. of seam. 

Fibrous Flux .—Cost per lb. is assumed 
as $0.30 and there are 60 ft. in a pound. 
Assuming the flux feed is 8 in. per min., 
the average cost is $0.20 per hour. 

Powder Flux .—Cost per lb. is assumed 
as $0.15 and it is consumed at the rate 
of 8 to 20 lb. per hour. Based on the 
heaviest to the lightest thicknesses given 
(where powder is used), the amount will 
vary in proportion to the speed of travel 
for a general-cost figure. 

Filler Metal .—Cost per lb. is assumed 
as $0,075. Three different sizes are used. 
The ft. per lb. consumed are as follows: 

8 /«-in. diam.—13.5 ft./lb. 

7«*-in. diam— 24.0 ft./lb. 

6 /a-in. diam.—15.4 ft./lb. 

Price may vary according to quantity. 
Actual measurements of consumption of 
each item may be taken for a particular 
application. 


The application of the carbon arc to 
the welding of aluminum is discussed 
in chapters 9 and 32 and the data there 
listed provide information upon which 
cost estimates may be made. 

SUBMERGED ARC WELDING 

The process of submerged arc welding 
is described in Chapter 13. For cost¬ 
estimating purposes the general factors 
described in the first section of this 
chapter are very important and all apply. 

The control of the fit-up of the members 
of the joints is probably more important 
economically for this type of welding than 
for any other. The process as described 
in Chapter 13 stresses the importance of 
either very closely fitting joints or the 
use of a backing which will retain the 
fluid weld metal during deposition until 
it has fused the joint and solidified. Be¬ 
cause of the great fluidity of the metal at 


Table 8—Data for Machine Atomic Hydrogen Welding 
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Welding 

- —Consumption Rates— > 
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Current, 
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Speed, 

Power, 
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Amp 

Volt aj<e 

1 n./M in 

Kw 
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0.015 

35 

.'>0 
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3.2 

00 
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55 
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80 
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0.035 

50 
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00 
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18 
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1 1 0 
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« 2 . 

diam 
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1 be simplest way to figure direct cost*, 
is on an hourly basis and then allow for 
whatever efficiency factor for the particu¬ 
lar application the shop uses. This may 
vary from 50 to 80%. 

F.xample .—Edge joint in 12-gage sheet 
with no filler metal added. 

Welding 

Metal Arc Arc Carbon Tyi>e of Speed. 
Thickness, (ia Volts Amp. Size, In Flux Ft./Hr. 
12 25 275 */i« Paste 1 7u 

Direct rust- hourly basis: 

I-abor a t $1.50 per hr.$1.5*) 

I'ower at $0.02 per k vs In ~ * " "" 

1000 x 0.6O 

0 . 2.1 

* art* 'it electrode at $0.10 |»er hr. 0.10 

Flux— Paste at $0.35 lb x 0 35 0.175 

Total cost .’.oof. 

Cost per ft , 2.005/17". "Oils 

.Note: The abo\e meth o»l of figuring costs is 
on actual arc time and dc*s not take into 
consideration idle tirnr or overhead. 


the time of deposition, the metal may 
escape if the joints do not fit tightly, re¬ 
quiring expensive patching. 

To produce high quality weld metal 
the joint must be clean. For best results, 
submerged arc welding like other proc¬ 
esses, requires that all moisture, oil, 
mill scale, rust or other foreign materials 
he removed before welding. 

The unusually high currents that are 
used provide a substantial economy of 
added weld metal and of labor costs. 
The high current fuses from 1 to l 1 /* 
or even 2 times as much base material 
as the metal added. Similarly the high 
currents proportionately increase the rate 
of metal deposition and give higher weld¬ 
ing speeds and lower labor costs. As an 
example 1 /«-in. diam. welding rod may be 
deposited at a rate of about 40 to 45 lb. 
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per arc hr. and with rods up to Vs-in. 
diam. the deposit rate may reach 80 to 
100 lb. per arc hour. 

To obtain the true labor charge it is 
necessary to establish for any new job 
estimate the actual time that metal is 
being deposited during the full working 
period. This operating factor may vary 
from 159c for custom work to nearly 
10099 for continuous work and must be 
determined by experienced judgment or 
by actual trial. 

Because the submerged arc process is 
usually mechanized and the metal must be 
deposited in joints which are either posi¬ 
tioned for flat position welding, or occa¬ 
sionally for welding small joints in the 
horizontal-fillet position, some special tool¬ 
ing and mechanical positioning fixtures 
are necessary. Because of the cost of 
necessary fixtures, the welding head, 
current control and flux control mecha¬ 
nisms, the capital investment, compared to 
the labor costs, is greater than for the 
manual metal-arc processes. Therefore, 
for cost-estimating purposes, the factor 
of overhead charged against arc time 
or labor should he examined and pos¬ 
sibly increased over that used for manual 
metal-arc welding, to represent accurately 
the capital investment of the submerged 
arc welding process equipment. 

Since the filler metal and the granu¬ 
lar flux are not combined, each must be 
controlled separately and calculated sepa¬ 
rately in the cost estimates. The control 
of the flux is especially important due to 
its granular nature and the possibility of 
its being lost or unused in the process. 

In making a cost estimate, it should be 
kept in mind that there is no stub or 
spatter loss of the rod to be accounted 
for and that there is practically 10099 
deposit of all rod melted. The power 
requirement is about 1.5 kwhr. per lb. of 
metal deposited by alternating current 
and about 2.5 kwhr. per lb. by direct cur¬ 
rent. If a gasoline-driven engine is used 
for d.c. generation then a fair figure to use 
is about 17" pt. of gasoline for each 

pound of metal deposited. 

The amount of granulated welding com¬ 
position that is used per lb. of weld meta 
applied is theoretically about one pound. 
However, depending upon the efficiency o 
the recovery methods in use the require¬ 
ments may increase to 1.4 lb. and where 
little care is exercised it may amount to 

2.5 pounds. 
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Chapter 13 presents the welding con¬ 
ditions for various joint designs including 
the weld metal requirements for each foot 
of vteld. With the speed of welding and 
the metal requirements known, an accurate 
cost can be developed. In the following 
sample calculation the data are taken 
from Table 8, Chapter 13, for a single¬ 
pass weld in 1-in. plate: 

Assume: 

(a) 1 lb. of metal added per ft. 

( b) Speed of welding—11 in. per. 

min. 

( c ) A.C. power—l 1 /* kwhr. per lb. 

at $0.02 per kwhr. 

( d ) Operating factor—50%. 

Cost per Foot: 

(Based on a total price of $0.22 for 
welding rod and welding composi¬ 
tion per lb. of metal added) 

1. 1 lb. of weld metal per ft. = $0.22 

2. Power per ft. (0.02 X 1.5) = 0.03 

3. Labor per ft., at $1.50 per hr. 

(0.5 operating factor) 

$1 50 X 12 =005 

11 X 60 X 0.5 -- 

Total cost per ft. = $0.30 

MANUAL OXY-ACETYLENE 
WELDING COSTS 

The quality and quantity of welding 
produced by manual oxy acetylene welding 
is dependent upon the skill and experience 
of the welder, a fact common to all 
hand operations. The work of the novice 
is slow and of doubtful quality. With 
increased practice and experience his 
skill is improved. If a welder works solely 
on one product he will ultimately develop 
a high degree of skill which, when com¬ 
pared with other operations by less 


skilled men, will indicate production speeds 
of very high order. Therefore, in pub¬ 
lishing data for cost estimating it be¬ 
comes necessary to establish average con¬ 
ditions with the full realization that con¬ 
siderable variations will be encountered 
under actual working conditions. 

The data given in Table 9 represent 
values obtainable by average welders 
employing single flame tips. The govern¬ 
ing conditions are set forth in the table. 
Actual job conditions have been assumed 
for this tabulation, hence allowance has 
been made for lost time, etc. It must be 
realized that the multitude of variables 
influencing manual oxy-acetylene weld¬ 
ing renders it impossible to set definite 
values on the speed of welding and conse¬ 
quently on the amounts of oxygen, acet¬ 
ylene and welding rod consumed. There¬ 
fore, ranges are indicated for these fac¬ 
tors. Obviously the slower speeds will 
he obtained with the less experienced 
welders and involve higher gas con¬ 
sumption while the higher speeds apply to 
the opposite condition. The only definite 
values provided are for pounds of rod de¬ 
posited per ft. of weld, which figures are 
reasonably constant. The data on welding 
rod consumption assume weld reinforce¬ 
ments equivalent to about 25% of base 
metal thickness. 

To avoid proprietary references, tip 
sizes have been expressed in terms of 
acetylene flow per hour. The governing 
factor in oxy-acetylene welding is the 
cubic feet of acetylene required to deposit 
1 lb. of weld metal, hence this is the 
logical method for establishing proper 
tip sizes for given thicknesses. Data on 
acetylene flows for each tip size are 
generally available from equipment manu¬ 
facturers. 
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CHAPTER 42 


INSPECTION OF WELDING* 


INTRODUCTION 

This chapter sets forth some basic 
concepts regarding the qualification and 
duties of welding inspectors and describes 
the various inspection methods and test 
procedures used. 

The information on inspectors is appli¬ 
cable to all types of inspectors whether 
employed by the manufacturer whose 
product is being inspected, by the pur¬ 
chaser of the product or whether em¬ 
ployed by a regulatory body and not 
directly responsible to either the manu¬ 
facturer or purchaser. 

With regard to the inspection methods, 
it should be noted that all of them are 
not equally applicable to every type of 
fabrication. Which test procedures to 
use must be determined in each case ac¬ 
cording to code or specification require¬ 
ments or on the basis of the severity of 
service conditions to which the com¬ 
pleted product will be subjected. 

REQUIREMENTS FOR A WELDING 

INSPECTOR 

Essential Requirements 

An inspector functions as the judicial 
representative of an organization which 
may be either the manufacturer, the 
purchaser or a government agency. It 
is his responsibility to see that the prod¬ 
uct he inspects is of sound quality. His 
decisions are governed by some form of 
written requirements which he has not 
drawn up, but which he must be able to 
interpret, both as to limitations and intent. 
Although he must strive for highest 


* Prepared by a committee consisting of J. W. 
Owens, Welding Engineer and Management 
Consultant, Chairman; O. R. Carpenter, Bab¬ 
cock and Wilcox Co.; Carlton Hastings, Water- 
town Arsenal; A. N. Kugler, Air Reduction Sales 
Co.; R. B. Lincoln, Pittsburgh Testing Lab.; 
J. J. MacKinney, The Budd Co.; Hamilton 
Migel, Magnaflux Corp.; Wilson Scott, Westing- 
house Electric Corp. 


quality he must not unnecessarily retard 
prompt completion and delivery. 

All of the following items are essential 
requirements that necessitate careful and 
thorough study and application. They 
must not be treated lightly if the in¬ 
spector wishes to do a conscientious job. 

Physical Condition .—An inspector’s 
agility must be sufficient to permit him to 
fulfill his duties. Good inspection requires 
examination before, during and after 
fabrication, and this often entails climb¬ 
ing around large fixtures and assemblies. 
Inspection conditions are often difficult, as 
positioning of the work is primarily for 
the welder’s convenience. 

Vision .—Good vision is vitally neces¬ 
sary to a welding inspector to permit 
close visual inspection of welds, radio¬ 
graphs and magnetic powder indications. 
Nearly all welding inspection requires 
good eyesight for discerning small details. 

Attitude .—The importance of an in¬ 
spector’s attitude cannot be over-empha¬ 
sized. He is very much dependent on 
cooperation of his associates in all de¬ 
partments, and he must command their re¬ 
spect in order to obtain it. Since many of 
his decisions are made on marginal mate¬ 
rial, his judgment must be careful, impar¬ 
tial and consistent. A definite policy of 
inspection procedure and standards should 
be adopted and adhered to faithfully. 
An inspector should not be stubborn, nor 
yet easily swayed by persuasive argu¬ 
ments. Under no circumstances should 
he seek favor or incur obligation through 
his decisions. The most difficult period 
for an inspector is his first few weeks on 
any new location, since those with whom 
he deals will be testing him for weakness 
in policy. If, however, he is fair, consist¬ 
ent and knows the intent of the contract 
requirements, he will earn respect am 
cooperaton. 

Welding Knoiulcdge .—An inspector 
must have sufficient knowledge o t ie 
welding processes to know what defects 
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are most likely to occur and where to 
find them. He should he familiar with 
characteristic weaknesses of welders and 
have a general knowledge of machine set¬ 
tings and welding techniques. 

Knowledge of Drawings and Specifica¬ 
tions. —Since the inspector must be famil¬ 
iar with all applicable drawings and speci¬ 
fications of products he is to inspect, he 
must be able to read and thoroughly 
understand blueprints which include weld¬ 
ing and non-destructive test symbols. On 
many occasions decisions are made where 
specifications or drawings are not at hand, 
and the inspector must rely on memory. 
This means that his knowledge of the 
drawings and specifications must he cor¬ 
rect and complete. 

Knowledge of Testing Methods. —A 
number of methods of testing are at the 
inspector's disposal in order to ascertain 
whether welding is meeting quality re¬ 
quirements. As each of these methods has 
it* limitations, and since it may be 
necessary to employ several in the in¬ 
spection of a product, an inspector must 
know exactly what each method will show 
and how t<> interpret the results oh 
tained. 

Kcpnrt H’riting. — An inspector should 
be aide to write clear and concise reports 
in order that his superiors will have no 
difficulty in interpreting his meaning, and 
so that he ti*» will he aide to understand 
his own rej*>rts when they become 
several months old Reports should be 
concise but complete enough to be clear 
to a reader unfamiliar with the product 
inspected 1 11 writing reports, it must 
Ik* kept in mind that, although specific 
facts of the ca*e are well known now, 
they must be included since they may 
not be remembered a year hence. Good 
retwirt writing not only protects the in- 
•qxnrtor in tin- future, but help* him ad¬ 
here to his policy of set standards. 

Desirable Characteristics 

While the following factors are not 
essential, they arc highly desirable and 
a wise inspector lacking any of them will 
try to compensate for them through study 
and observation. 

H elding F.xfericn* c .—Actual experi¬ 
ence as a welder very valuable to an 
inspector because he is able to find de¬ 
fective work quickly and has a good idea 
of it* cause. Hi*, interpretation of quality 


standards then will be much more practi¬ 
cal, and he will be able to offer construc¬ 
tive criticisms when rejecting poor work. 

Education and Training .—If an inspec¬ 
tor has had previous training in funda¬ 
mental engineering design and metal¬ 
lurgy he is exceedingly fortunate. How¬ 
ever, many excellent inspectors have not 
had such formal education, but they have 
acquired a working knowledge through 
experience and study. The more of such 
knowledge an inspector possesses, the 
more intelligent decisions he can make, 
as he will he more aware of critical 
points and better able to emphasize quality 
control of important areas. Basic edu¬ 
cation in English, mathematics and draw¬ 
ing is very helpful in performing inspec¬ 
tion duties such as reading specifications 
and writing reports. 

Inspection Experience .—The attitude 
and point of view of a good inspector can 
be acquired only through inspection ex¬ 
perience. If a welding inspector has had 
previous experience at any kind of inspec¬ 
tion, he will find it very helpful in welding 
inspection Those without such experi¬ 
ence should endeavor to study the behavior 
of experienced inspectors, and they will 
find that good inspection involves a dis¬ 
tinct way of thinking and working that 
should he acquired. 

DUTIES OF A WELDING INSPECTOR 

General 

It must lie understood that an inspec¬ 
tor’s primary function is that of inspecting 
the work being performed by the fabri¬ 
cator to see that it complies with the 
requirements prescribed by the contract. 
Prom time to time the fabricator may re¬ 
quest advice as to changes or modifica¬ 
tion*. in his manufacturing procedure. 
Where such changes or modifications do 
not conflict with the requirements of the 
drawings or specifications or other in¬ 
structions, the inspector should cooperate 
in every way possible, but with the definite 
understanding that the fabricator has full 
responsibility for the final product. 

An inspector should keep in touch with 
tlie activities of the fabricator’s production 
organization, not because the fabricator 
may intentionally disregard certain re¬ 
quirements of the contract, but because 
errors may occur through carelessness 
«•! lack of familiarity on the part of the 
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fabricator. The correction of manufac¬ 
turing errors is the responsibility of the 
fabricator, but the inspector should make 
certain that such errors or defects are 
brought promptly to the fabricator’s 
attention, for correction at the start may 
often result in the production of satisfac¬ 
tory material which would otherwise be 
rejected. 

The inspector should realize that he 
holds a position of some importance and 
responsibility and that he should conduct 
himself, both on and off duty, as a person 
of good character, ability and common 
sense. He should observe regular working 
hours, preferably those observed by the 
manufacturing organization, as well as 
all rules and regulations pertaining to 
personal conduct, safety and security es¬ 
tablished in the fabricator’s plant. He 
should not consider himself as entitled 
to certain special privileges. In his deal¬ 
ings with the fabricator’s organization the 
inspector should be impartial, render 
prompt decisions and give a tolerant hear¬ 
ing to the opinions of others, but he 
should stick to facts and not be unduly 
influenced by opinions. 

The duties of a welding inspector will, 
for most types of structures, follow the 
general order of fabrication procedure and 
will relate to those details which more 
or less directly pertain to the welding 
operations: 

(a) Interpretation of drawings and 
specifications. 

(b) Verification of procedure and 
welder qualification. 

(c) Checking application of approved 
welding procedures. 

( d ) Selection of production test 
samples. 

(e) Interpretation of test results. 

(/) Preparation of records and re¬ 
ports. 

Interpretation of Drawings and Speci¬ 
fications 

If possible the inspector should study 
the drawings and design in advance with 
the object of becoming familiar with the 
construction details, the proposed use of 
subassemblies, and the provisions made for 
welding. It is also desirable to consider 
the material to be used in the welded struc¬ 
ture since certain metals often require 
special treatment to be satisfactorily 
welded. 

During the course of fabrication of a 


welded structure, the inspector may be 
called upon repeatedly for interpretations 
of drawings and specification require¬ 
ments. His ability to render clear and 
concise decisions in these matters based 
on prior study of the drawings and design 
will aid greatly in speeding completion 
of the work under contract. 

Situations necessitating some deviations 
from drawing and detailed specification 
requirements may arise during the fabri¬ 
cation of any structure and it will be the 
inspector’s duty, unless other approval 
is required, to decide whether the devia¬ 
tion in question can be permitted. Very 
often the acceptance or rejection of a large 
welded structure may be involved and it 
will be his duty, after very careful study, 
to decide whether or not the error can be 
corrected and whether the method of cor¬ 
rection to be used will still insure a satis¬ 
factory completed product in accordance 
with the drawings and specifications. In 
all cases the inspector should exercise 
extreme caution in accepting deviations. 

It is not always possible to include in 
a specification all of the detailed infor¬ 
mation necessary to provide an answer 
for all questions which may arise during 
construction. However, for those parts 
of the specification in which requirements 
are not clearly defined, it will be the 
inspector’s duty to interpret them in a way 
that, to the best of his judgment, will 
satisfy the meaning and intent of the 
specification. 

Verification of Procedure and 

Welder Qualification 

One universal principle involved in 
specifications and codes pertaining to the 
fabrication of weldments is the require¬ 
ments that the fabricator must prescribe 
the welding procedures which will be 
followed in producing the weldments under 
a particular specification or code. These 
welding procedures are prescribed for 
types, grades and thicknesses of base metal 
and types of joints, as determined by the 
design of the weldments, and should be 
such as to produce welded joints with 
acceptable mechanical characteristics in 
accordance with the requirements of the 
particular specification or code involved. 

Before any production welding is done, 
it is the inspector’s duty to verify that 
definite welding procedures have been 
established and that these welding pro¬ 
cedures can produce welded joints in ac- 
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cordance with the requirements of the 
pertinent specifications or codes. In order 
to do this, the inspector must either have 
witnessed the welding and testing of the 
qualification specimens to demonstrate the 
sufficiency of the welding procedure, or 
have available authentic documentary evi¬ 
dence which demonstrates that sufficiency. 
Whenever possible, it is preferable that 
the inspector actually witness the tests 
because factual knowledge of the details 
of the welding procedures often affords 
valuable assistance in later production in¬ 
spection duties. 

It is also a duty of the inspector to take 
due cognizance of any changes that may 
be made in any welding procedure being 
used which exceed the limits prescribed 
by the pertinent welding procedure speci¬ 
fication. He will see that the welding 
procedure specification is changed ac¬ 
cordingly, and ascertain whether requali¬ 
fication of the welding procedure is re¬ 
quired. If requalification is required, he 
will see that the change is not applied 
to production work before the necessary 
qualification tests have been completed 
and the change found satisfactory. 

Codes and specifications pertaining to 
the fabrication of weldments usually re¬ 
quire that all welders be qualified in ac¬ 
cordance with prescribed procedures.* 
The procedure necessary to qualify 
welders is usually prescribed by the par¬ 
ticular code or specification and it is the 
inspector’s duty to verify that each welder 
working under that code or specification 
lias been properly qualified. This veri¬ 
fication is obtained either by the in¬ 
spector personally witnessing each test or 
reviewing authentic records of tests pre¬ 
viously made. In this connection, it is 
an important duty of the inspector to see 
that welders are employed to do work 
only to the extent to which they have been 

qualified. 

Welding codes or specifications do not 
always require requalification of welding 
procedures and welders for each new con¬ 
tract or change of design unless some new 
or additional welding requirements origi¬ 
nate thereby. It is the inspector’s duty to 
interpret the requirements of the specifi¬ 
cation or code in this respect and be 
governed accordingly. Every effort should 


* This may tint he true of machine welding, 
particularly where the operation is fully auto¬ 
matic. 


be made to avoid unecessary qualification 
testing in fairness to the fabricator as 
well as to the purchaser. 

Checking Application of Approved 

Welding Procedures 

It should be recognized that the passing 
of a qualification test does not, of itself, 
insure proper application of the qualified 
welding procedure. Therefore, adequate 
inspection is necessary to determine that 
the qualified procedure is being properly 
and competently applied. The inspector 
will find it advantageous to prepare a 
check list from each pertinent welding 
procedure specification for use in per¬ 
forming this inspection. 

The practices among different fabrica¬ 
ting shops vary due to location, equipment 
and experiences which have been gained 
by their application of welding. In all 
cases, however, the final result should be 
the same. Inspectors who have had ex¬ 
perience in only one or two shops should 
not attempt to convert the fabricator with 
whose organization they are working, to 
the welding practices with which the in¬ 
spectors are familiar. Should this be 
attempted, the result is likely to be in¬ 
creased cost of fabrication, confusion due 
to unfamiliar methods and a general ani¬ 
mosity toward the inspector. 

It is essential that the inspector be 
fair and endeavor to exercise sound judg¬ 
ment when applying visual or other in¬ 
spection procedures and in passing on the 
acceptability of the welding. It is the 
inspector’s responsibility to see that weld¬ 
ments requiring repair are correctly and 
properly marked to indicate the location 
and nature of repairs required. The 
system of marking used for indicating 
repairs should be clearly understood by the 
fabricator’s organization as well as by 
the inspector in order to avoid misunder¬ 
standings and failure to make proper re¬ 
pairs where indicated. The inspector’s 
responsibility does not end when he dis¬ 
covers and marks defects for repair. He 
also must pass upon the acceptability of 
the repaired welds. 

In general, it is desirable that welding 
inspection operations be performed in step 
with the manufacturing operations set up 
by the fabricator. 

Selection of Production Test Samples 

In many types of welded fabrication 
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certain inspection of the finished product 
may be performed on samples selected by 
the inspector from the production line. 
These samples may be selected at random 
or in accordance with some established 
order of frequency. In either case, the 
selection of these samples and the in¬ 
spection and test thereof, are among the 
important duties of the inspector. 

It may be that the selection of these 
samples is left to the judgment and dis¬ 
cretion of the inspector instead of being 
definitely prescribed by the pertinent 
specification or code. In such cases the 
number of samples selected should not be 
excessive but should be sufficient to de¬ 
termine that the required standards are 
being met in production. 

Certain tests or treatments may be 
prescribed for the samples selected by the 
inspector. These may include radiogra¬ 
phy, hydrostatic tests, trepanning, metal¬ 
lurgical examination, mechanical testing 
to destruction or other detailed examina¬ 
tions. It is the inspector’s duty to see 
that such tests, as prescribed, are carried 
out properly. Various sampling, inspec¬ 
tion and tests methods are described later 
in this chapter. 

Interpretation of Test Results 

When any of the various inspection 
methods or tests have been performed 
in accordance with prescribed require¬ 
ments, the inspector must necessarily 
evaluate the results and decide whether 
they meet the specified requirements. 
Sometimes this decision requires careful 
study because it may happen that the re¬ 
sults obtained do not meet the required 
standards for acceptance in every detail. 
In such cases a thorough study must be 
made of the results and of the require¬ 
ments to be met before a decision on 
acceptance or rejection is made. 

The welding inspector must make the 
final decisions as to acceptability of the 
weldment unless otherwise limited. In 
those cases where functioning of an item 
is involved in the final decision, the in¬ 
spector’s responsibility in that connection 
is usually fixed by the specification or pur¬ 
chaser. 

Preparation of Records and Reports 

Any of the work performed under a 
specification or code which requires in¬ 
spection or tests will also require adequate 
records. However, whether records are 


required or not, the inspector should keep 
adequate notes of his inspection work. 

Records should be prepared in such de¬ 
tail as conditions necessitate. It is always 
desirable to comment on the general char¬ 
acter of the work, such as observance of 
prescribed tolerances, difficulties under 
which any part of the work may have been 
performed, and any defects found by in¬ 
spection. Explanation should also be given 
for repairs made. The inspector should 
see that copies of these records go to the 
persons entitled to receive them and should 
retain a copy in his own file for future 
reference. 

WELDMENT DEFECTS 

Arc and Gas Welding 

Weldment defects in arc and gas welds 
may be classified in three general groups: 
dimensional defects, structural discon¬ 
tinuities and defective properties. It 
should be obvious that all possible defects 
that may be encountered in welds cannot 
be covered in this brief discussion. There¬ 
fore, for a more complete treatment of the 
subject, reference should be made to the 
AWS Inspection Handbook for Manual 
Metal Arc Welding. Throughout this 
discussion it is assumed that the materials 
under consideration have been shown to be 
weldable and further that a qualified weld¬ 
ing procedure has been used by qualified 
welders. 

Dimensional Defects 

W arpage. —Dimensional defects are 
largely avoidable if proper controls are 
exercised in the welding procedure. War- 
page or distortion is generally controllable 
by the use of suitable jigs, welding se¬ 
quences or preforming prior to welding. 
The exact method employed will be 
dictated by the size and shape of the parts 
as well as the thickness of the metal. 
Where warpage is unavoidable, it may 
at times be counteracted by using flame 
shrinking. 

Incorrect Weld Side. —Deficiencies m 
weld size are detected by visual examina¬ 
tion and gaging with suitable weld gages. 
Such deficiencies should be corrected by 
the use of the correct filler metal size, 
employment of the proper technique or 
the institution of such other measure.s 
prior to welding as will fulfill the neces¬ 
sary requirements. It is sometimes 
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possible to correct undersize welds by the 
addition of beads of weld metal. 

Incorrect IVeld Profile .—The profile 
of the individual layers of multilayer 
welds may have considerable effect upon 
the ease or difficulty encountered in de¬ 
positing subsequent layers. In general, 


with fillet welds. A typical example of 
overlap in fillet welds is pictured in Fig. 2. 
Overlap may be generally attributed to 
improper welding technique or improper 
welding heat. 

Another defect, excess convexity, tends 
to produce notches which lead to harmful 
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Fig. 1.—Weld Profiles 

Illustrating acceptable and defective weld profiles. 


procedure specifications should indicate 
the limits of these variables and these 
limits should be checked carefully to as¬ 
sure sound welding. Figure 1 illustrates 
some of the more common defects in weld 
profiles as well as acceptables profiles. 
Overlap is a defect usually associated 


concentrations of stress under load. Ex¬ 
cess convexity in multilayer welds can 
easily lead to slag inclusions or unfused 
areas. Again this defect, associated 
with fillet welds, is usually attributed to 
improper welding technique. Excess con¬ 
cavity is a defect also generally associated 
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Fig. 2.—Overlap 


with fillet welds. Stated simply, this 
merely means that the weld is of in¬ 
sufficient size and, in consequence, of 
insufficient strength. The most common 
source of this defect is the use of excessive 
welding heats which result in very fluid 
weld metal and a tendency to produce 
thin-section deposits. Excess weld re¬ 
inforcement, commonly associated with 
groove welds, is, in effect, somewhat 
similar to excess convexity in fillet weld*. 
It is undesirable since it tends to stiffen 
the section unnecessarily, thereby creat 
ing a notch effect. 

Structural /liscontinuifics 

Structural discontinuity L a term 
used to indicate those defects encountered 
in the weld proper including such specific 
items as porosity, lionmetallic inclusions, 
incomplete fusion, inadequate penetration, 
undercutting, cracking and surface defects. 

Porosity .—Porosity describes a type 
of globular voids free of any solid mate¬ 
rial which result from the chemical re¬ 
actions occurring during welding. The 
gases forming the voids arc released dur¬ 
ing the cooling of the weld metal, and 
arc caused by reduced solubility with fall¬ 
ing temperature and by gases formed by 
chemical reactions. Employment of ex¬ 
cessive welding heats or incorrect ma¬ 
nipulation will generally be found to be 


the cause of porosity. A typical example 
of porosity is shown in Fig. 3. The 
porosity may be uniformly scattered 
throughout the entire weld, isolated in 
small groups or distributed linearly as 
at the root. The first condition indicates 
overall poor welding, the second some 
temporary fundamental change in weld¬ 
ing conditions and the third is often 
considered a special case of inadequate 
penetration. 

Xon metallic Inclusions .—Nonmetallic 
inclusions is a term used to describe oxides 
and other solids sometimes encountered 
as elongated and globular inclusions in 
welds. The oxides are derived from con¬ 
tamination of the weld metal by the 
atmosphere. Slag inclusions, in arc weld¬ 
ing, are generally derived from electrode 
coating materials while in gas welding 
they occur when fluxes are employed in 
the welding operations. Ordinarily such 
solid materials being of lower specific 
gravity than the weld metal would tend 
to float to the surface. When this cannot 
occur and they are trapped, they are 
termed inclusions. One source of such 
inclusions has been indicated in the pre¬ 
vious discussion under excess concavity. 
These non-metallic inclusions arc best 
avoided by use of the proper welding tech¬ 
niques and cleaning procedures both be- 



Fig. 3.—Porosity 

Top view shows sound weld, 
shows porous weld. 


Hot tom view 



INSPECTION 


939 


fore and during welding. The use of too 
large a size filler metal, particularly on 
the first layer or bead, is very likely to 
contribute to inclusions in the root area. 
In multilayer welding, failure to remove 
all slag between layers will result in slag 
inclusions in these zones. A typical slag 
inclusion is illustrated in Fig. 4. 



Fig. 4.—Slag Inclusion 

Illustrating fusion zone slag. 


Incomplete Fusion .—Incomplete fusion 
is here used to indicate the failure to fuse 
together adjacent layers of weld metal 
or adjacent weld metal and base metal. 
A typical example of incomplete fusion 
in a fillet weld is shown in Fig. 5. In¬ 
complete fusion may be caused by failure 
to raise the temperature of the base metal 
(or previously deposited weld metal) to 
the melting point or to dissolve, by means 
of fluxing, the oxides or other foreign 
material present on the surfaces to which 
the deposited metal must fuse. From this 
it should not be inferred that deep melting 
is necessary to secure coalescence, since it 
is only necessary to bring the surfaces 
of the base metal to the melting tempera¬ 
ture to obtain metallurgical continuity 
of the base and the weld metals. Incom¬ 
plete fusion is avoided by maintaining 
surfaces free from foreign materials and 
bv using proper heat and manipulation. 

Inadequate Penetration .—Inadequate 
penetration is a condition existing in 
groove welds when the deposited metal 
and base metal are not integrally fused 
at the root of the weld. If this condition 
is caused by the failure of the root face 
of a groove weld to reach fusion tem¬ 
perature for its entire depth, then it is, in 
effect, a special case of incomplete fusion. 
However, it may also be caused by weld 
metal bridging from one member to the 


other. Typical examples of inadequate 
penetration are shown in Fig. 6. This 
condition is most frequently caused by 
areas of base metal above the root reach¬ 
ing the molten condition before proper 
temperature is obtained at the root. It is, 
therefore, important to assure proper heat 
distribution so that fusion will occur uni¬ 
formly throughout the root area. The 
use of too large a size filler metal may 
cause the condition of bridging, par¬ 
ticularly in butt joints. This may be 
corrected by the use of the correct size 
of filler metal or by increasing the size 
of the root opening within the limits set 
for the size of filler metal and type of 
joint. Inadequate penetration may lead 
to cracking; in multilayer welds a crack 
in the first layer may well propagate 
through the entire welded cross section, 
hence it is important to insure complete 
penetration. 

Undercutting .—Undercutting is the 
melting or burning away of the base metal 
at the toe of the weld. On multilayer 
welds, it ma}- also occur at the juncture 



Fig. 5.—Incomplete Fusion 

of a layer with the wall of the groove. 
In the first case, such undercutting ob¬ 
viously reduces the cross section of the 
metal and, therefore, the strength of the 
joint. Undercutting in general can be 
attributed to faulty technique. The use 
of excessive welding heat is very likely 
to contribute to this condition. In ad- 
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Illustrating inadequate penetration in a groove Illustrating inadequate penetration in a fillet 
weld. weld. This condition is often referred to as 

bridging. 

Fig. 6.—Inadequate Penetration 

dition faulty manipulation of the electrode the subsequent layers. Such an undercut, 
(or welding rod), particularly in arc improperly treated, can lead to slag in¬ 
welding, may also contribute to under- elusions. Undercutting as encountered in 
cutting. Undercutting the side walls of butt joints is illustrated in big. 7, while 
the welding groove is not necessarily a undercutting on fillet welds is shown in 
defect provided such undercutting is en- Fig. 8. 

larged to permit satisfactory welding of Cracking .—Cracking of welded joints 



Fig. 7.—Undercutting in a Groove Weld 


Fig. 8.—Undercutting in a Fillet Weld 
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results from the presence of localized 
stress which at some point exceeds the 
ultimate strength of the material. When 
cracks occur during or as a result of 
welding, little deformation is usually 
apparent because the shrinkage resulting 
from welding sets up multidirectional 
stress systems with the attendant inability 
of the material to sustain appreciable de¬ 
formation without failure. On heavy or 
complicated assemblies, which may not 
show cracks during welding but which 
may crack when subjected to load, it is 
common practice to require stress-relief 
heat treatment to minimize these effects. 
In addition, unfused areas at the root of a 
weld may result in cracks if they are sub¬ 
jected to tensile stress, and further, these 
cracks will tend to progress through the 
entire weld on multilayer welds. Typical 
weld metal cracks are pictured in Fig. 9. 

The ability of a weld deposit to remain 
intact under the stress system imposed 
during the welding operations is a func¬ 
tion of the composition and structure of 
the weld metal. Cracking of the weld 
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metal is likely to occur in the first layer, 
particularly if of thin cross section. Such 
cracks may continue up through sub¬ 
sequent layers. This cracking tendency 
may be corrected by increasing the thick¬ 
ness of the first layer, by controlling the 
heat input, changing electrode manipula¬ 
tion or reducing travel speed. Preheating 
may be employed to modify the stress 
system being imposed. 

Weld metal cracks are of three types 
(see Fig. 9) : transverse, longitudinal 
and crater cracks. Transverse cracks 
may in some cases extend beyond the weld 
into the base metal and are usually en¬ 
countered in joints having a high degree 
of restraint. Longitudinal cracks may 
originate in crater cracks or in first-layer 
cracks as discussed previously. In either 
case they should be corrected before ad¬ 
ditional layers of weld metal are deposited. 
Crater cracks are peculiar to arc welding 
and may occur whenever the welding 
operation is interrupted. If the crater is 
filled in the continuation of the welding, 
then the cracks are generally eliminated. 




shrinkage crack long. 

STRAIGHT, CONTINUOUS 
FAIRLY PROMINENT. 

check cracks - Short . 

DISCONTINUOUS BUT 
MAY 0E LONO ft CONTIN-J 
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Fig. 9.—Wold Metal Cracks 
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If the crater is at the end of a weld and 
the crater crack is of the longitudinal 
variety, it may progress the length of the 
weld. Craters, and the attendant cracking, 
may be eliminated by manipulating the 
electrode to fill the craters. 

Base metal cracking is generally of the 
longitudinal type and occurs within the 
heat-affected zone. Since it is almost al¬ 
ways encountered in hardenable metals it 
results from the metallurgical effects pro¬ 
duced by the thermal cycle of welding. It 
follows, therefore, that avoidance of base 
metal cracking is best accomplished by 
careful study of the hardenable metal to 
be welded and the selection of a welding 
procedure which will produce acceptable 
results. Preheating and/or postheating 
are almost always necessary in these pro¬ 
cedures. In some cases, preheating may be 
omitted if austenitic stainless steel filler 
metal is used. 

Another type of base metal cracking 
encountered with hardenable steels is 
termed underbead cracking (see Fig. 10). 


EXX15 and EXX16) will materially re¬ 
duce this cracking. When using these 
electrodes preheating is unnecessary up to 
about Vs in. thickness and only 300 to 
400 °F. is necessary for heavier sections. 

Surface Defects. —Surface defects in 
welds may be divided into two classes— 
surface holes and surface irregularities, 
the former being associated principally 
with the performance of the filler metal 
and the latter with welder performance. 
Surface holes are rarely present in gas 
welding if standard welding rods are used; 
if present they are probably due to im¬ 
proper manipulation. Surface holes in 
metal-arc welding may be caused by in¬ 
correct application of an electrode, or less 
frequently, defective electrodes. The 
obvious cure is to apply the electrode 
correctly or to secure proper electrodes. 
Surface irregularities (varying width and 
height, depressions, etc.) are not, of them¬ 
selves defects of the weld. They do, how¬ 
ever, indicate a lack of skill on the part 
of the welder, which is important from 



Fig. 10.—Underbead Cracking 


This type of crack has been associated 
with hydrogen, which in the case of 
shielded metal-arc welding is derived 
from the coating of conventional types 
of electrodes. Preheating and postheating 
will help to reduce this cracking but in 
many types of work these treatments 
cannot be employed. The use of the low- 
hydrogen electrodes (Classifications 


the point of view of appearance of the 
finished job. 

Defective Properties .—Specific me¬ 

chanical and chemical properties are. re¬ 
quired of all welds made in any given 
weldment. The requirements depend 
upon the codes or specifications involve 
and departure from the specified require¬ 
ments should be considered a defect. 
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Mechanical properties which may not meet 
prescribed requirements include tensile 
strength, yield strength, ductility, hardness 
or impact strength. Similarly, chemical 
properties may be deficient because of in¬ 
correct weld metal composition or lack of 
corrosion resistance. 

Any discussion of weld metal quality 
would be incomplete without considering 
defects possible in the base metals to be 
welded, since not all defects are due to 
improper welding conditions. The base 
metal requirements are controlled by ap¬ 
plicable specifications and departure there¬ 
from should be considered a defect. Prop¬ 
erties which may not meet prescribed 
requirements include chemical composi¬ 
tion; cleanliness (laminations, stringers); 
surface conditions (mill scale, paint, 
grease, oil, etc.); mechanical properties; 
and dimensions. 

As a guide to the identification of defects 
discussed herein, Table 1, Tests for Weld 
and Base Metal Defects, is provided. 


ample, a group of spot welds in a joint 
may have identical surface appearance 
(Fig. 11) yet, due to proximity effect 



Fig. 11.—Surface Appearance of Spot Welds in 

0.040-In. Stainless Steel 



1st weld 2nd weld 

Fig. 12.—Cross-Section of Welds in Fig. 11 
Showing Shunting Effect on Size 


Table 1—Tests for Weld and Base Metal Defects 


Defects 


Methods of Testing 


Dimensional Defects 
War page 

Incorrect joint preparation 
Incorrect weld size 
Incorrect weld profile 
Structural Discontinuities 
Porosity 

Nonmetallic inclusions 
Incomplete fusion 
I 'ndereutting 
Cracking 

Surface defects 
1 nadequate penetration 
Defective Properties 
Low tensile strength 

Low yield strength 

Low ductility 

Improper hardness 
Impact failure 
Incorrect composition 
Improper corrosion resistance 


Visual inspection with proper mechanical gages and fixtures 
Visual inspection with proper mechanical gages and fixture* 
Visual inspection with approved weld gage 
Visual inspection with approved weld gage 

Radiographic, fracture, microscopic, macroscopic 
Radiographic, fracture, microscopic, macroscopic 
Radiographic, fracture, microscopic, macroscopic 
Visual inspection, bend tests, radiographic 

Visual inspection, bend tests, radiographic, microscopic, macro¬ 
scopic, magnetic particle, penetrating oil 
Visual inspection 

Radiographic, fracture, microscopic, macroscopic 

All-weld-metal tension test, transverse tension test, fillet-weld 
shear test, base metal tension test 
All-weld-metal tension test, transverse tension test, base metal 
tension test 

All-weld-metal tension test, free bend test, guided-berul test. 

base metal tension test 
Hardness tests 
Impact tests 
Chemical analysis 
Corrosion tests 


Spot, Seam and Projection Weld 

Quality 

Appearance .—The surface appearance 
of a resistance weld is no criterion of its 
strength or size. However, surface ap¬ 
pearance is an indication of the conditions 
under which the weld was made. Hence, 
it is not always possible to judge the 
quality of a weld by its external appear¬ 
ance, and it is most important that an 
inspector does not employ this method 
for qualifying production welds. For ex- 


(shunting of current through adjacent 
welds), all welds except the first may be 
greatly under strength. Figure 12 shows 
a decided decrease in the diameter of the 
fused zone of the second weld due to 
proximity effect only. This is easily un¬ 
derstood in that all the welding current 
passes through the outside surface of both 
welds creating identical surface appearance 
for each weld. At the faying or contacting 
surfaces of the first weld, the contact re¬ 
sistance being most critical to the for- 
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mation of the weld nugget, all the welding 
current is confined to the weld area pro¬ 
ducing the desired size nugget. In the case 
of the second and all subsequent welds, 
a portion of the current is shunted through 
the adjacent weld or welds, hence, less 
than full welding current passes through 
the contact area producing a correspond¬ 
ingly smaller weld nugget. The proximity 
effect is more severe for closely spaced 



Fig. 13.—Excessive Indentation 


Table 2—*Surface Conditions of Spot, Seam and Projection Welds 


Type 


Cause 


Effect 


Deep electrode indenta¬ 
tion (see Fig. 13) 


Surface fusion (usually 
accompanied by deep 
electrode indentation) 
(see Fig. 14) 


Improperly dressed electrode 
face; lack of control of elec¬ 
trode force; excessively high 
rate of heat generation due to 
high welding current; or high 
contact resistance (low electrode 
force). 

Scaly or dirty metal; low elec¬ 
trode force; misalignment of 
work; high welding current; 
electrodes improperly dressed; 
or improper sequencing of pres¬ 
sure and current. 


Irregularly shaped weld 
(see Fig. 15) 


Electrode deposit on work- 
piece (usually accom¬ 
panied by surface 
fusion) 


Cracks, deep cavities or 
pin holes (see Fig. 16) 


Misalignment of work in elec¬ 
trodes; bad electrode wear or 
improper electrode dressing; bad 
fitting pieces; electrode bearing 
on radius of flange. 

Scaly or dirty material; low 
electrode force or high welding 
current; improper maintenance 
of electrode contacting face; im¬ 
proper electrode material; im¬ 
proper sequencing of electrode 
force and weld current. 

Removing electrode force before 
thoroughly quenching welds 
to a temperature well below 
visible red beat; excessive heat 
generation resulting in heavy 
expulsion of molten metal; badly 
fitting pieces requiring electrode 
force to bring faying surfaces 
into contact. 


Loss of weld strength due to 
reduction of metal thickness 
at periphery of weld area; bad 
appearance. 


Under size welds due to heavy 
expulsion of molten metal; 
large cavity in weld zone ex¬ 
tending through to surface; in¬ 
creased cost of removing burrs 
from outer surface of work; 
poor electrode life and loss of 
production time from more fre¬ 
quent electrode dressings. 

Reduced weld strength due to 
change in interface contact area 
and expulsion of molten metal. 


Bad appearance; reduced corro¬ 
sion resistance; reduced weld 
strength if molten metal is ex¬ 
pelled; reduced electrode life 
due to cumulative effect. 


Reduction of fatigue strength if 
weld is in a tension member, 
or if crack or imperfection ex¬ 
tends into the periphery of 
weld area; corrosion due to ac¬ 
cumulation of corrosive sub¬ 
stances in recess of cavity or 
crack. 


welds, welds in metal of low electrical 
resistivity and welds in metal 0.040-in. 
thick and up. 

Normally, the surface appearance of a 
spot, seam or projection weld, or of a resis¬ 
tance-brazed joint should be relatively 
smooth, round (oval in the case of con¬ 
toured work), free from surface melting, 
electrode deposit, pits, cracks, deep elec¬ 
trode indention or other conditions 
which indicate that proper electrode 
dressing was not maintained or that the 
equipment was not functioning properly. 
Table 2 lists some of the more common 
undesirable surface conditions, their causes 
and effects on weld quality. 

Size. —The diameter of the fused area 
must meet the standards required by the 



Fig. 14.—Surface Fusion Due to Surface Oxides 
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Fig. 15.—Irregularly Shaped Spot Weld 

contract or design drawings. In the ab¬ 
sence of such requirements, the values 
listed in the AWS Recommended Prac¬ 
tices for Resistance IVelding (see Chapter 
16) or the following general rules may 
he used: 



Fig. 16.—Spot Weld with Cracks and Pin Holes 

1. Spot welds that are reliably re¬ 
produced under average production 
conditions normally have a fused nugget, 

the diameter of which is at least 0.8V / . 
or_a pullout button diameter at least 

\/T (Fig. 17) where 7 i> the thickness 
of the stock in the case of two or three 
similar pieces, or the thickness of the 
thinner piece in the case of two dis¬ 
similar thicknesses. In cases of four or 
more equal thicknesses, the diameter 
of the fused nugget should be at least 7 . 
In cases of three or more dissimilar 
thicknesses special consideration must 
be given to the size of the fused area. 



Fig. 17.—Proper and Insufficient Weld Size 

Top—Normal weld nugget in 0.07 5-in. steel. 
Bottom—Undersized weld nugget in same plate. 


2. Seam welds (pressure tight) 
should overlap 25% or more of the 
longitudinal dimension. The width of 

the fused area should be at least 0.8V7 
(Fig. 18), where 7 is the thickness of 
the thinner piece of a two-piece pile-up. 
For pile-ups of more than two pieces, 
special consideration must be given to 
the width of the fusion zone. 

3. Projection welds should have a 
fused diameter equal to or larger than 
the original projection diameter. Some 
standards require the same diameter 
weld nugget for projection welds as for 
spot welds. 

4. Brazed joints, to develop the 
strength of the base metal, should have 
a lap equal to YTIV/L, where Y is the 
design safety factor, T and W are the 
tensile strength and thickness of the 
base metal, respectively and L is the 
shear strength of the brazing alloy. 
The thickness of the brazing alloy in 
the finished joint should not exceed 
0.002 to 0.003 in., as the strength of the 
joint drops rapidly with increasing 
thickness. 



Fig. 18.—Longitudinal and Cross Sections of 

Proper Size Seam Weld 


There also is a maximum limit to the 
>ize of a spot, seam or projection weld. 
This limitation results more from the eco¬ 
nomics and practical limitations of pro¬ 
ducing a weld than from the laws of heat 
generation and dissipation which limit the 
minimum size of the weld. It becomes 
impractical to make a weld of 7 2 -in. 
diameter in metal 0.060-in. thick, since the 
mzc of the overlap or flange width becomes 
excessively large for good design or 
economy of material. Also the electrode 
diameter, tool, transformer and control 
capacities increase to an amount which 
overcomes the advantages of resistance 
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welding to other methods of fabrication. 
The exact maximum weld diameter cannot 
be specified here, but each manufacturer 
should establish this limit in accordance 
with his existing welding conditions. 

Indentation. —It is often desirable to 
produce so-called invisible welds. This 
may be approximated if all factors are 
closely controlled. In order to attain the 
best results it is necessary to understand 
the most important factor, that of heat 
shrinkage. When the work is heated, Fig. 
19, it tends to expand in all directions, but 
due to the pressure exerted by the elec¬ 
trodes, any vertical expansion is immedi¬ 
ately forged out, with the result that all 
of the expansion takes place in the hor¬ 
izontal plane, usually causing a slight 
ridge as shown in A in Fig. 19. In 
cooling, the contraction takes place along 
the lines of least resistance, or almost 
entirely in the vertical plane, which results 
in a concave surface as shown exaggerated 
in Fig. 19. This is not to be confused 
with electrode marks, where the electrode 
imbeds itself into the work due to improper 
machine settings and control. The actual 
depth of the depression is very small, 
usually not over a few thousandths of an 
inch, but with some types of finishing, 
such as high gloss enamels, it is very 
noticeable, especially under certain light¬ 
ing conditions. It is impossible to elimi¬ 
nate these weld marks, but they may be 
materially reduced by proper control of 
the welding variables, that is by making 
the welds in short current-time cycles, 
thereby minimizing the conduction of 
heat bevond the weld zone. 

Excessive indentation of spot, seam and 
projection welds is characteristic of welds 
made with too great a heat generation in 
the weld area, usually accompanied by 
expulsion of molten metal. The common 
causes of this are high welding current, 
low electrode force, undersize electrode 
contacting area, improper alignment of 
electrodes on the work, dirty or scaly 
metal surfaces, too long a time of current 
flow and improper mating surfaces. 

Strength and Ductility .—Weld strength 
should be specified as a minimum value in 
the contract applicable to the job. Since 
spot welds are usually designed to carry 
shear loads, the specified value should be 
expressed as the tension-shear strength, or 
the weld strength. The standard tension- 
shear test, explained in more detail under 
Methods of Test, is the accepted method 


of obtaining this value. It is important, 
when evaluating a production weld by 
means of this test or any of the other 
methods of test, that the test be made 
under conditions identical with those 



A 



Fig. 19.—Effects of Heat Shrinkage on Spot 

Welds 

used in production, such as the various 
machine settings, size and shape of elec¬ 
trode face, and metal thickness, finish, 
temper and contour. In the absence of 
contract requirements or an acceptable set 
of standards, the strength values given in 
the AWS Recommended Practices for 
Resistance Welding may be used. It is 
important to note here that weld strength 
in a given thickness is proportional to the 
diameter of the fused zone, and since the 
minimum and maximum diameters of the 
fused area are limited for reliable welding, 
the minimum and maximum strengths are 
also limited. Hence, it is not sound prac¬ 
tice to specify weld strengths which are 
less than those Established by the mini¬ 
mum fused area (see discussion, Weld 
Size) or greater than approximately 50 Vc 
of the values given in the AWS Recom¬ 
mended Practices for Resistance Welding. 

The ductility of a resistance weld is 
determined by the thickness and composi¬ 
tion of the base metal and the effect on 
this composition of exceedingly rapid 
cooling from high temperatures. Figure 
20 shows the fracture of a highly ductile 
weld and Fig. 21 shows the same for a 
brittle weld. The usual method of deter¬ 
mining ductility of metals is to measure 
the elongation of a standard test specimen 
that has been stressed to its breaking 
point. Also, the various types of impact 
testing are a measure of ductility under 
shock loading conditions. L nfortunate y. 
in the case of a resistance weld, these 
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Fig. 20.-—Tension-Shear Fracture of a Ductile 

Spot Weld 


methods of measuring ductility cannot be 
employed, hence, there are no quantitative 
data for this mechanical property. The 
nearest thing to ductility measurements is 
the hardness test, since the hardness of a 
metal usually is an indication of its ability 
to be deformed, that is its ductility. For 
a given alloy, ductility usually decreases 
with increasing hardness but different 
alloys of the same hardness do not neces¬ 
sarily possess the same ductility. 

Another method of indicating the duc¬ 
tility of a spot or projection weld is to 
determine the ratio of the tensile strength 
to the tension-shear strength of the weld. 
A weld of good ductility has a high ratio, 
a weld of poor ductility has a low ratio. 

There arc precautions and practices 
that can be taken in production welding 
that will minimize the hardening effect 
from resistance welding. Some of these 
are: longer time of current flow; pre¬ 
heating the weld area by passing a preheat 
current through it before the weld current 
to retard the rate of cooling; tempering 



Fig. 21'Tenaion-Shear Fracture of a Brittle 

Spot Weld 


the weld zone and heat-affected zone by 
passing a postheat current at some interval 
after the welding current, in order to 
elevate the weld to the tempering tem¬ 
perature range; and furnace annealing or 
tempering the welded assembly. 

Penetration .—Penetration is the depth 
to which the fusion extends into the out¬ 
side pieces and is expressed as a percent¬ 
age of the thickness of the outside piece. 
Theoretically the penetration of a spot, 
seam or projection weld need only be a 
few mils in order to produce a sound weld 
with the minimum amount of heat. How¬ 
ever, under normal production conditions, 
the heat generated at the faying surface of 
the work must be of much greater magni¬ 
tude in order to obtain welds of uniform 



Fig. 22.—-Penetration in a Spot Weld 

Top Normal penetration. Middle—Almost 
100 r /c penetration. Bottom—Less than 30 % 
penet ration 


area or strength. Therefore, the mini¬ 
mum depth of penetration generally ac¬ 
cepted is 30% of the thickness of the out¬ 
side piece. If the penetration is less than 
30%, the weld is said to be cold, that is, 
the heat generated in the weld area is so 
Miiall that normal variations in current, 
time, electrode force, etc., will cause un¬ 
desirable changes in weld strength, or even 
no weld at all. Figure 22 shows exces¬ 
sive penetration, normal penetration and 
insufficient penetration. 

The depth of penetration into each 
outside piece should be approximately 
equal for pile-ups of equal or nearly equal 
thicknesses. For pile-ups of greatly dis¬ 
similar thicknesses, thickness ratios of 3 
or 4 to 1, the actual depth of penetration 
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into the heavier piece need be only equal 
to that of the thinner piece. 

Internal Defects .—Internal defects are 
any metal discontinuities in the heat- 
affected zone. These discontinuities in¬ 
clude cracks, porosity or spongy metal, 
large cavities, and inclusions in the case 
of some coated metals. Generally speak¬ 
ing, these defects have no detrimental 
effect on the static strength or the fatigue 
strength of a weld, when located in the 
central portion of the weld nugget, 
whether they extend through to the out¬ 
side surface or not. (Figure 23 shows the 
location of a fatigue failure.) The 
stresses in a spot weld are practically 
zero in the central portion of the weld nug¬ 
get, but are highly concentrated at the 
periphery of the weld. Therefore, it is 
extremely important that no defects occur 
in the periphery of the weld. 



Fig. 23.—Fatigue Crack in a Spot Weld 

Practically all spot, seam and projection 
welds in metal thicknesses of the medium 
and heavy gages (approx. 0.040 in. and 
heavier) have a shrinkage cavity in the 
center of the weld nugget (see Fig. 24). 
This cavity is less pronounced in some 
alloys than it is in others, due to the 
difference in forging action of the elec¬ 
trodes on the hot metal, and the shrinkage 
characteristics of the alloy. In no case 
should this cavity be classified as an in¬ 
ternal defect. Flowever, the cavity that 
results from heavy expulsion of molten 
metal (see Fig. 24) may consume a very 
large part of the fused area and must be 
considered a defect. A certain percentage 
of expulsion cavities are to be expected in 
most production welding, hence, the job 
specification should accept a limited 
amount of them on the grounds that they 
normally do not impair the joint strength. 
Heavy expulsion of molten metal is a 
result of improper welding conditions, 
therefore, it is necessary to limit the num¬ 
ber of such welds which can he accepted. 

Internal defects in spot, seam and pro¬ 
jection welds are generally caused by low 
electrode force, high current or any of 
the other conditions which produce ex¬ 
cessive weld heat. They are also the re¬ 
sult of removing the electrode force too 
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Fig. 24.—Cavities in Spot Welds 

Top—Small shrinkage cavity. Bottom—Large 
cavity due to metal expulsion. 

soon after the current flow, thus prevent¬ 
ing the proper forging of the ingot on cool¬ 
ing (particularly true of high-speed seam 
welding or roller spot welding.) Internal 
defects in resistance brazing are generally 
caused by improper composition and ap¬ 
plication of flux, improper preparation of 
the joint surfaces or uneven distribution 
of current and electrode pressure. 

Expulsion .—Expulsion of molten metal 
(Fig. 25) is indicative of improper weld¬ 
ing conditions. Some of the more com¬ 
mon causes of expulsion are: too great 
a rate of heat generation resulting from 
excessive current, insufficient pressure, 
undersized electrode contacting area and 
dirty or scaly metal surfaces; the molten 
zone growing beyond the limits of the 
confining contact area under the elec¬ 
trodes resulting from poorly fitting pieces, 
misalignment of the tool on the work, too 
long a time of current flow and im¬ 
properly dressed electrodes or electrodes 



Fig. 25.—Excessive Expulsion 
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of improper size. The ill effects result¬ 
ing from expulsion are: 

1. Bad appearance and deep surface 
indentation. 

2. Large cavity in the weld ingot 
that may or may not extend through 
to the outside surface. 

3. Reduction in weld strength due 
to large cavity and the fact that nugget 
growth usually is stopped when expul¬ 
sion starts. 

4. Expelled metal may extend into 
the area of the next weld to be made, 
causing that weld to expel molten metal. 

5. Excessive electrode wear which 
becomes progressively worse when ex¬ 
pulsion occurs between electrode and 
the work. 

Sheet Separation .—Sheet separation 
(Figs. 26 and 27) is the pulling apart of 
the faying surfaces of a spot, seam or pro¬ 
jection weld, due to the expansion and 
contraction of the molten metal and the 
forging effect of the electrodes on the hot 
metal. This must not be confused with 
the separation of the faying surfaces due 
to poorly fitting parts prior to welding. 
The amount of separation varies with the 
thickness of the stock increasing with 
increasing thickness. A spot weld in 



Fig. 26.—Normal Sheet Separation 



Fig. 27.—Excessive Sheet Separation 


0 200-in. stainless steel will separate the 
sheets at the weld from 0.006 to 0.013 inch. 
Separation can be minimized by employ¬ 
ing the proper welding conditions such a< 
those set forth in the AWS Recommended 
I’radices for Resistance Welding. 

Misaligned electrodes will cause ex¬ 
cessive sheet separation particularly on 
one side of the weld. Sheet separation 
will always occur in heavier gages, 0.060 


in. and up. Separation is undesirable in 
that it increases the bending moment on 
the joint when stressed in shear and in¬ 
creases distortion of assemblies making 
it difficult to fit subassemblies into the 
final assembly. 

Corrosion .—Care must be exercised 
when resistance welding an unstabilized 
stainless steel that the time at welding 
temperature is as short as possible in 
order to prevent carbide precipitation 
which reduces its resistance to corrosion. 
Figure 28 shows the carbide precipitation 
zone in a weld of recommended time of 
current flow. Figure 29 shows the car¬ 
bide precipitation zone in a spot weld em- 



Fig. 28.—Slight Carbide Precipitation 



Fig. 29.—Excessive Carbide Precipitation 


ploying a time of current flow longer than 
that recommended. (For recommended 
welding times reference is made to the 
AWS Recommended Practices for Resist¬ 
ance Welding.) Resistance brazing stain¬ 
less steels that do not contain the stabiliz¬ 
ing elements, columbium and titanium, is 
not recommended, since the brazing tem¬ 
perature is in the carbide precipitation 
temperature range. Electrode pickup on 
aluminum and its alloys will reduce their 
resistance to corrosion. It is impractical 
under production conditions to spot, seam 
or projection weld coated steels without 
breaking the protective coating on the 
outside surface. A simple chemical test 
to determine whether or not the protec¬ 
tive coating on steels has been broken is 
as follows : 

1. With a glass rod apply a drop of 
dilute (5%) solution of sulfuric acid. 

2. Immediately after step (1) with 
a glass rod apply a dilute (5%) solu¬ 
tion of potassium ferricyanide. 

3. Immediately after step (2) the 
solution will turn a deep blue color 
where the protective coating has been 
removed or broken. If the solution 
does not turn blue, the coating has re¬ 
mained intact. 
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4. Wash thoroughly with running 

water immediately after testing to re¬ 
move the acid. 

Flash and Upset Weld Quality 

Appearance .—Inspection of the surface 
appearance of the original metal around 
a flash weld will reveal gross errors in 
welding technique such as surface burns 
or die burns, cracks, gross misalignment 
and slippage of work-pieces during weld¬ 
ing. When the loose metal or flash is 
removed from the weld, surface examina¬ 
tion will generally reveal the amount of 
upset, the difference in upsetting charac¬ 
teristics between the different types of 
steel, if two different types are being 
welded to each other, the slope of the up¬ 
set metal, and uneven heating during the 
welding operation. Only the trained eye 
can judge by visual examination whether 
a flash or upset weld is poorly made or has 
the expected satisfactory strength. It is 
necessary to watch the weld being made 
and visually examine the surface to 
properly judge the welding technique, 
which judgment can only be relied on and 
developed by examining the mechanical 
test results. 

Surface burns or die burns result from 
several technique faults and are generally 
confined to the area immediately around 
the edge of the electrodes or dies. The 
basic cause is concentration of welding 
current in small areas instead of entering 
the part uniformly. This can be remedied 
by improving or enlarging the contact 
area of the work-piece with the welding 
electrode. If this fails to completely 
eliminate the burns, the welding electrode 
composition should be changed to a copper 
alloy having a higher electrical conduc¬ 
tivity. In some cases it may be necessary 
to rearrange the welding machine con¬ 
struction so that current enters the work- 
piece from each clamping electrode in¬ 
stead of from only one as is common on 
most flash-welding machines. If the 
work-pieces are pitted and marked in the 
area where they are clamped in the elec¬ 
trodes it is desirable to increase the clamp¬ 
ing force but the surface of the work- 
pieces should first be cleaned of dirt, scale, 
grease, etc. 

Cracks .—Cracks are caused by an ex¬ 
cessive quenching rate for the composition 
of the steel being welded. They can 
generally be avoided by preheating the 
work-pieces before welding; postheating 


the pieces immediately after welding; or 
reducing the quenching rate by immedi¬ 
ately inserting the welded part into a 
furnace or slow-cooling agent such as 
lime, asbestos, feathers, etc. 

Misalignment .—Misalignment is much 
more serious than appreciated by the aver¬ 
age operator. The best weld results 
when the two work-pieces forge directly 
into each other using the upsetting force 
to make a complete bond over the match¬ 
ing weld surfaces. Misalignment prevents 
the upsetting force from acting over the 
entire weld area and produces a section 
of the weld which has not been forged 
properly, resulting in low weld quality. 
The greater the degree of misalignment, 
the greater the tendency of the work- 
pieces to slide past each other instead of 
forging with each other, resulting in un¬ 
predictable weld quality. If welds are 
continually misaligned, although the align¬ 
ment before welding with work-pieces 
clamped in the welding electrodes is good, 
either the clamping fixture construction 
is not rigid enough or the final electrode 
opening is too large, allowing the metal 
behind the weld to become too hot and to 
lose its rigidity when the upsetting force 
is applied. Alignment can generally be 
improved by decreasing the final electrode 
opening. 

Slippage .—Slippage of work-pieces oc¬ 
curs during the forging or upsetting action. 

It results in unpredictable weld quality. 
Slippage marks are visible on the work¬ 
pieces as short indented lines in the area 
where the clamping electrodes contact. 
To prevent slippage the clamping force 
must be increased or the work-pieces 
backed up by suitable means. 

Upset .—Upset welds are generally 
characterized by large upsets having a 
gradual slope to the upset metal. Flash 
welds are characterized by generally 
smaller upsets having a sharper slope to 
the upset metal indicating a sharp tem¬ 
perature gradient. 

For both flash and upset welding the 
synchronization of the upsetting force and 
heating period is of the utmost importance 
to good welding. YY elds made with in¬ 
sufficient force contain porosity and in¬ 
clusions and have widely varying strength 
and impact properties. Excessive upset¬ 
ting force will cause excessive disturbance 
of the flow lines of the metal and although 
satisfactory tensile strength may be de¬ 
veloped such welds will usually have poor 



INSPECTION 


951 


bending properties and poor impact re¬ 
sistance. 

The amount of upset must be sufficient 
to cause a completely bonded weld and 
not indicate any surface void at the weld 
after the upset metal has been removed. 
In addition, the internal structure must 
be free of voids, porosity or traces of 
cast metal structure showing incomplete 
expulsion of molten metal. 

When welding steels of radically differ¬ 
ent chemical compositions and forging 
properties at elevated temperatures, more 
uniform upsetting of each work-piece 
can be obtained by increasing the initial 
extension of the work-piece having greater 
resistance to forging while decreasing 
the initial extension of the other work- 
piece. In some cases it may actually be 
necessary to preheat the work-piece which 
is more difficult to forge before making 
the flash weld. 

Non-Unifonn Heating. —Non-uniform 
heating is characterized by irregular oxide 
discoloration around the weld. It results 
from non-uniform current distribution, 
improper welding electrode contact and 
improper fixture and electrode design for 
the job being welded. It is most serious 
when welding thin-walled tubular sec¬ 
tions and thin, flat sheets. Non-uniform 
heating is also caused by improper welding 
technique. The flashing action should 
start without the work-pieces touching 
solidly and continue smoothly until the 
upsetting period. If the parts touch solidly 
during flashing thereby preventing con¬ 
tinuance of the flashing action, the work- 
pieces will be overheated and unevenly 
heated. To prevent this condition the 
secondary voltage must be raised, the 
flashing speed reduced or the rate of 
platen travel changed by changing the 
flash-off cam contour. If the work-pieces 
do not start to flash properly it may be 
necessary to reduce the initial contact 
area by beveling one or both work-pieces. 

Size and Penetration .—Flash or upset 
welds should be made with work-pieces 
having the same cross-sections at the weld 
so that the weld takes place over the en¬ 
tire cross-section. A cross-sectional etch 
test of a weld should indicate a heat- 
affected zone on each side of the weld, 
an absence of cast structure, a diversion 
of flow of the fiber near the weld and 
normally a white line the cause of which 
is yet a matter of conjecture: it is com¬ 
monly attributed to decarburization, dis¬ 


solved oxygen, complex metal chemical 
structures resulting from impurities in 
the metal, etc. A flash or upset weld is 
basically a forged structure making it 
different from welds made by other resist¬ 
ance-welding processes. The heat- 
affected zone varies in depth because of 
the speed of welding, the area and thick¬ 
ness of the material welded. 

Strength and Ductility .—Flash welds 
in non-hardenable steels, with the ex¬ 
ception of cold worked, non-hardenable 
alloys and precipitation-hardening alloys 
that become annealed in the weld zone 
when quenched from a high temperature, 
should develop practically the strength of 
the base metal when tested under static 

load. Flash welds in hardenable allovs 

• 

which are to be further heat treated to 
insure uniformity in and around the weld 
zone should develop nearly base metal 
strength under static load up to heat 
treatments resulting in 150,000 psi. ulti¬ 
mate strength. For heat treatments re¬ 
sulting in base metal ultimate strengths 
between 150,000 and 220,000 psi., the weld 
strength will vary between 80 and 100 r /r, 
of the base metal ultimate strength under 
controlled welding conditions. The 
higher strengths are more easily devel¬ 
oped in welds having cross-sectional areas 
less than one square inch. 

Welds that have not had the extruded 
flash or upset metal removed will develop 
maximum strength because of the in¬ 
creased cross-sectional area at the weld. 
The degree of ductility of a flash or upset 
weld compared to the ductility of the base 
metal will depend upon the response of 
the alloy to relatively rapid cooling from 
high temperatures. For those applica¬ 
tions in which the material composition 
is air hardening, some benefit from post¬ 
heating may be gained in reducing cracks 
resulting from residual stresses and ex¬ 
cessive weld hardness. Simple stress 
relief by using a gas torch or slow cool¬ 
ing after welding may be adequate for 
steels of less hardenable nature. To in¬ 
sure consistent results, especially in 
hardenable steels, furnace treatment is 
recommended. Furnace treatment or 
normalizing is practically always re¬ 
quired for high quality joints in air- or 
oil-hardenable steels. 

Internal Defects .—The weld plane area 
of a flash or upset weld must be free from 
porosity, excessive number of inclusions, 
oxides, cast structure metal and cracks 
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which arc a result of improper welding 
technique. 

Corrosion Resistance .—When flash or 
upset butt welding austenitic stainless 
steels, it is sometimes necessary to anneal 
after welding by heating to 1900 to 
2100°F. and cool rapidly enough to pre¬ 
vent carbide precipitation. The cases that 
do not require this heat treatment are 
stabilized steels (those containing colum- 
hium or titanium) ; material under 
0.062-in. thick unless the corrosion condi¬ 
tions are extremely severe; material hav¬ 
ing a carbon content 0.08% and under un¬ 
less the corrosion conditions are ex¬ 
tremely severe. 

The purpose of this heat treatment 
is to redissolve the chromium carbides 
that precipitate on either side of the 
weld in an area between the weld and the 
electrode which is in the carbide precipita¬ 
tion temperature range (900 to 1500°F.) 
during the heating and cooling cycle of 
the weld. 

VISUAL INSPECTION 

General 

Visual inspection is usually defined 
as examination by eye, either with or with¬ 
out the aid of low magnification (10 X 
or less). It is conducted for the purpose 
of determining qualitatively and quantita¬ 
tively, within the scope of the method, the 
quality factors of a weld or a weldment. 
One may define the term quality factor 
as any factor which contributes to the 
adequacy of an item with regard to its 
service performance. Such factors are 
usually the bases for specification require¬ 
ments. 

Because of the simplicity, low cost 
and rapidity with which it can be accom¬ 
plished, visual examination is the most 
widely used of inspection methods. It 
should be regarded therefore, as one of 
the most important methods for determin¬ 
ing weldment quality. There are many 
quality factors which are beyond the 
scope of visual examination (e.g., metallo- 
graphic structure, subsurface soundness, 
etc.). However, careful evaluation of 
what can be seen on the surface of a weld¬ 
ment or welded joint can contribute much 
toward the final determination of its ac¬ 
ceptability, particularly when this infor¬ 
mation is used in conjunction with find¬ 
ings by other inspection methods. Visual 
examination can be subject to all types 


of welds and weldments. As is the case 
with all inspection methods, proper appli¬ 
cation and correct interpretation of re¬ 
sults are essential to its usefulness and 
success. Details of where and how to ex¬ 
amine arc given in the following para¬ 
graphs. 

Application 

General Aspects .—The equipment re¬ 
quired for visual inspection is extremely 
simple. Adequate lighting is of primary 
importance and may be obtained by means 
of a good extension lamp or flashlight 
if light from general sources is not satis¬ 
factory. A hand magnifying glass or 
other means for obtaining magnifications 
of low power will be found helpful. In 
cases where the insides of welded vessels 
or other hollow shapes are to be examined, 
a borescope or other optical device for 
internal inspection may be found neces¬ 
sary. The required scales and gages for 
checking the accuracy of dimensions and 
the extent of warpage or distortion should 
also be available. 

In order to obtain the most complete 
picture of the quality of the product, 
visual inspection operations should be 
synchronized with fabricating operations. 
Most welding processes require a cer¬ 
tain amount of material preparation before 
welding is actually begun. A visual check 
of the material prior to welding for the 
purpose of checking the material itself 
and also its preparation (descaling, scarf¬ 
ing, cutting, etc.) will enable early de¬ 
tection of many causes of poor quality. 
The examination of welded joints or parts 
thereof which are inaccessible in the fin¬ 
ished product should be accomplished dur¬ 
ing the progress of work when these joints 
are available for examination. A good 
example of this situation is the case of a 
multilayer arc weld where the root pass, 
later to be covered by subsequent passes, 
should be examined while still visible. Be¬ 
cause of the importance of this synchroni¬ 
zation of examination with welding oper¬ 
ations, the details of application of this in¬ 
spection method given below are divided 
into three main categories: examination 
prior to welding, during welding and after 

welding. , 

Examination Prior to Welding.--- Ihe 
quality of a welded joint can be attributec 
to both the welding process and the ma¬ 
terials which are joined. Before any 
welding is performed the inspector should 
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examine the faces and edges of material 
for such flaws as laminations, blisters, 
scabs, seams, etc. Heavy scale is detri¬ 
mental to all welding and even oxide 
films, grease, paint, and oil may be of 
importance when looking for sources of 
inferior weld quality. Resistance welding, 
induction welding and brazing are particu¬ 
larly sensitive to the presence of foreign 
material on the surfaces to be joined. A 
check should be made of the size and shape 
of pieces to be welded. Warped, bent or 
otherwise damaged material if detected 
at an early stage of fabrication may save 
much time and labor in attempting to 
correct these faults at a later stage. When 
edge preparation, such as scarfing, is re¬ 
quired the bevel angle and the presence of 
residual scale or excessively rough surface 
due to the cutting operation should be 
noted. The alignment of parts and the 
fit-up, including root opening, should be 
checked for conformance with require¬ 
ments. Such details are often adjusted 
by means of holding jigs or fixtures. 
Flaws such as cracking or porosity may 
occur due to the chilling effect. Where 
backings are required for arc or gas weld¬ 
ing, their presence, proper position and 
construction should be checked. When a 
brazing process is used, the manner in 
which flux is applied to the joint is of ex¬ 
treme importance and depends upon the 
type of joint and the brazing process to 
be employed. The flux application should 
be continuous, with no bare spots showing. 
An inspection of the fluxed but unjoined 
metal will serve as an indication of its 
cleanliness. If the flux tends to ball-up 
and provide a discontinuous coating, im¬ 
proper cleaning may be indicated. 

Examination During Welding. —Avail¬ 
able inspection methods are incapable of 
determining all of the factors involved in 
weld quality when applied to the finished 
product alone. Therefore, certain require¬ 
ments regarding welding must be imposed 
to obtain assurance of quality. These 
requirements may pertain to such factors 
as joint design, type and polarity of cur¬ 
rent, electrode pressure, composition of 
filler metal, etc., depending upon the par¬ 
ticular welding process involved. Al¬ 
though some of these factors may seem 
outside the realm of visual examination 
(checking welding current is an electrical 
measurement), they are included here 
tor completeness. When welding proce¬ 
dure factors are controlled by specifica¬ 


tion or code requirements, a visual check 
of each factor should be made to deter¬ 
mine conformance. 

When arc or gas welding is employed 
and filler metal is to be applied in two 
or more layers it is desirable to inspect 
the surface of each layer of weld metal 
before it is covered by subsequent layers. 
When the necessary inspection personnel 
are available for this inspection, condi¬ 
tions such as slag accumulation in arc 
welds, poor fusion and cracks may be de¬ 
tected and remedied when most accessible. 
A workmanship standard (see Fig. 30) 
is useful in judging the appearance of 
weld metal surface produced by these proc¬ 
esses. Surface appearance, beyond re¬ 
gard for the esthetic features of a weld, 
indicates the degree of care in its pro¬ 
duction and the inspector may infer good 
or poor weld quality on this basis pending 
results of more searching tests or exami¬ 
nation. Such a workmanship standard 
may be constructed to indicate the appear¬ 
ance of the surface of first deposited layers 
as well as the surface of the last layer of 
a weld. While examining the root pass 
for possible defects the inspector should 
recheck the groove faces of the metal to 
be joined for seams, laminations, etc., 
which often open up under the welding 
heat and are only obvious after the first 
or subsequent weld pass. Particular em¬ 
phasis should be placed upon the impor¬ 
tance of examining the root pass of arc 
welds. Because of the geometry of the 
joint, the relatively large volume of base 
metal with respect to that of the root 
pass weld metal, the fact that the plate 
may be cold and the possibility that the 
arc may not penetrate into the root, the 
root pass solidifies quickly and in so do¬ 
ing tends to trap slag or gas which is 
more difficult to remove after making 
subsequent passes. In addition, the root 
pass is particularly susceptible to cracking 
and the cracks which form may extend to 
the overlaying weld metal as it is de¬ 
posited. In the case of groove welds, 
slag covering the surface of the root pass 
will be trapped by the second pass on 
either side of the joint if not completely 
removed. Visual examination is used as 
a check on such cleaning operations. 

With regard to resistance welding, a 
visual check of the abutting or overlapping 
of edges for compliance with applicable 
codes or specifications is in order. Spatter 
which occurs during the welding opera- 
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tion may be indicative of excessively high 
welding current and should be noted. The 
operation of welding equipment and its 
condition is of importance from the in¬ 
spection point of view. For example, in 
the case of spot-welding equipment, the 
electrodes should be checked for change 
in size and contour as welding progresses. 
Any variation in the size of the elec¬ 
trodes will of course alter the size of the 
weld itself. If the welding machine is 
not equipped with an automatic welding 
current control, the amount of metal in 
the throat of the machine should be 
checked. Electrode pressure must be veri¬ 
fied occasionally and a check of air supply 


unit operations. In furnace brazing, 
pieces in different parts of the furnace 
should be checked to ascertain that they 
are all up to proper brazing temperature. 
In torch brazing the inspector should note 
that the force of the brazing torch flame 
does not blow the flux or brazing alloy 
away from the joint. The inspector 
should see that the weldment is not moved 
or strained in such a way as to cause 
cracking until the brazing alloy has 
gained sufficient strength by cooling. 

Examination After W elding .—Visual 
examination is useful for inspecting the 
finished product of all types of welding 
for such quality factors as : 
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Fig. 30.—Workmanship Standards 

Illustrating suitable standards for groove welds 
(top) and fillet welds (bottom). 


lines and gaskets to detect leakage is 
desirable. 

When a brazing process is being used 
and the parts joined are of unequal thick¬ 
ness, it is important that the lighter gage 
material is not overheated before the 
heavier pieces are brought up to brazing 
temperature. Uniformity of heating in 
general should be checked. This is true 
of multi-station brazing as well as single- 


1. Dimensional accuracy of the weld¬ 
ment (including warpage). 

2. Conformance to specification re¬ 
quirements regarding the extent, ,s 
tribution, size, contour and continum 

of welds. 

3. Weld appearance, i.e., regularity, 
surface roughness, spatter, etc. 

4 Flaws such as cracks. porosity, 
unfilled craters and crater cracks par 
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ticularly at the ends of welds, under¬ 
cutting, etc. 

The dimensional accuracy of weldments 
may be determined by conventional 
methods and need not be elaborated upon 
in this section. The conformance to 
specification requirements of welds made 
by arc and gas welding and brazing may 
be checked by means of a weld gage as 
shown in Fig. 31. This gage is used for 
fillet welds only. The size of the weld 
is determined in terms of the length of the 
leg. The gage may be used to determine 
whether the size is within allowable limits 
and whether there is excessive concavity 
or convexity. The particular gage shown 
is made for use on joints between sur¬ 
faces that are perpendicular or nearly so. 
Special gages may be made for use where 
the surfaces are at acute or obtuse angles. 


satisfactory will greatly facilitate the 
judgment of appearance of welds. As 
is the case with all welding, a good weld 
is not necessarily predicated upon its good 
appearance, however a good appearing 
weld is the least that can be required and 
indicative of a general high quality level 
of workmanship. 

The examination of a weld for flaws 
which may affect its service performance 
should be preceded by adequate cleaning 
of the weld surface to remove slag, oxide 
or other coatings which are formed dur¬ 
ing some welding operations. Such 
cleaning must be carried out carefully 
so as not to obscure existing faults. 
Chipping and shot blasting are examples 
of cleaning methods which, if not care¬ 
fully conducted, may peen over fine 
cracks so as to make them invisible. 



Fig. 31.—Typical Fillet Weld Gage 


For welds made in grooves (braze- 
welding, arc and gas welding) the follow¬ 
ing should be considered: the width of 
the finished weld should be in accordance 
with the required groove angle, root face 
and root opening. The height of rein¬ 
forcement should be consistent with speci¬ 
fication requirements or accepted good 
practice. Particularly where welding or 
brazing is performed from one side of 
the joint only, the opposite side should 
be checked for penetration of weld metal 
or brazing alloy through the joint. 

A good induction weld should be smooth 
and continuous. A notched or saw-toothed 
effect is due to an excessively long time 
cycle during welding. 

Requirements as to surface appearance 
differ widely. The use of a sample of 
welding which has been agreed upon as 


A discussion and description of types 
of flaws which occur in the various types 
of welds are given in the preceding section 
of this chapter and need not be repeated 
here. 

Evaluation of Results 

Standards, as they are generally con¬ 
sidered, are not often available for the 
use of the inspector in evaluating the 
acceptability of welds or weldments on 
the basis of visual inspection. The work¬ 
manship standard mentioned previously 
is of great value in connection with the 
general appearance of a weld. However, 
code or specification requirements plus 
a sound knowledge of the particular 
welding process and the service require¬ 
ments for the weldment are usually 
coupled with good judgment to help the 
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inspector make his evaluation of the 
quality of the weld based on visual ex¬ 
amination. 

CHEMICAL ANALYSIS 

Chemical tests ordinarily are performed 
either for chemical analysis or corrosion 
resistance. Tests for chemical analysis 
are required to ascertain whether the 
base metal and the weld metal meet the 
analysis requirements of the applicable 
codes or specifications. Special analyses 
of base metal and weld metal are used 
for special service requirements. Experi¬ 
ence has shown what range of chemistry 
is best for a particular service condition. 
Trouble is often encountered in welding 
which can be traced by analysis to off¬ 
beats of metal. This may be due to a 
high sulfur or phosphorus content or 
to harmful residuals entering the metal 
from the scrap that was used. The 
overall analysis of the material may be 
correct, but segregation of harmful ele¬ 
ments may be present and give trouble. 
In these cases careful methods of sampling 
for analysis must be used. In general, 
the analysis of the weld metal is specified 
to be in the same range as that of the 
base metal. Sometimes, however, a weld 
metal of greatly different analysis than 
that of the base metal is specified, de¬ 
pending on service requirements. 

Since weldments must operate in all 
types of corrosive liquids, solids and gases, 
a large number of corrosion tests have 
been devised to check the material to 
see if it will meet required service con¬ 
ditions. The best test is actual use under 
service conditions, but time limitations 
and expense usually prohibit its applica¬ 
tion. Consequently, a large number of 
laboratory-type tests have been evolved 
which give partial but satisfactory in¬ 
formation. A few of the corrosive con¬ 
ditions to which weldments are subjected 
are under-soil attack of various types, 
salt water and salt spray, attack due to 
various atmospheres and waters, electro¬ 
lytic and chemical action of all sorts 
and high temperature conditions of various 
kinds. 

Corrosion tests are required in but 
few codes and specifications as most 
metals are chosen for specific use by pre¬ 
vious experience. The chemical industry, 
which is constantly handling new prod¬ 
ucts, has evolved numerous corrosion 


tests which are usually required to be 
applied to the base metal and welded 
joints of weldments. Perhaps the best 
known test is the salt spray test. (Ref¬ 
erence may be made to ASTM Standards. 
Part I, Metals, for a complete descrip¬ 
tion of this test.) 

Welds are made in a multiplicity of 
metals such as iron, nickel, copper, alumi¬ 
num, magnesium and their alloys. All the 
above metals are used under specific cor¬ 
rosion conditions, and consequently a 
complete discussion of the various cor¬ 
rosion tests involved is beyond the scope 
of this chapter. 


METALLOGRAPHIC TESTS 


Metallographic tests are not often re¬ 
quired in welding specifications. They 
are carried out for various purposes such 

as : 


(a) To determine the distribution 
of nonmetallic inclusions. 

( b ) To determine the number of 
weld passes. 

( c ) To determine the grain struc¬ 
ture in the weld and fusion zone. 

( d ) To determine the extent and 
structure of the heat-affected zone. 


They may involve merely visual ex- 
mination in which case the specimens, 
ailed macro specimens, are etched to 
ring out the structure and examined by 
lie unaided eye or at low magnifications, 
r they may involve microscopic examina- 
ion, in which case the specimens, called 
licro specimens, are prepared and etched 
or examination under the microscope 
t high magnifications. A complete de- 
cription of the preparation of test speci- 
lens and of accepted etching reagents \v 1 
e found in the ASM Metals Handbook. 
Sample and Sample Preparation.— 
•amples may be secured by sectioning 
le weld or by means of a core drill or 
y trepanning. In the two latter cases 
le drilled hole or the trepanned cut may 
e rewelded and the weldment thus ren 
ered fit for service. Such tests may e 
egarded as essentially non-destructive. 

Samples secured by any of the above 
lethods are prepared by cutting to revea 
desired surface which is further prepared 

or examination. . e . 

For macroscopic examination of 
nd steel, the surface to be examined ma 
e prepared by one of the following 

nethods: 
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(a) Without requiring any finish¬ 
ing or other preparation, place in boiling 
50% solution of hydrochloric (muriatic) 
acid until there is a clear definition of 
the structure of the weld. This will 
require approximately one-half hour. 

(b) Grind and polish specimens 
with emery wheel or emery paper and 
then etch by treating with a solution of 
one part ammonium persulfate (solid) 
and nine parts of water by weight. The 
solution should be used at room tempera¬ 
ture and should be applied by vigorously 
rubbing the surface to be etched with 
a piece of cotton kept saturated with the 
solution. The etching process should 
be continued until there is a clear defi¬ 
nition of the structure of the weld. 

(c) Grind and polish specimens with 
emery wheel or emery paper and then 
etch by treating with a solution of one 
part of powdered iodine (solid form), 
two parts of powdered potassium iodide 
and three parts of water, all by weight. 
The solutions should be used at room 
temperature and should be brushed on 
the surface to be etched until there is 
a clear definition of the structure of 
the weld. 

After being etched, the speciments are 
washed in clear water and the excess 
water removed. They are then immersed 
in ethyl alcohol and dried. The etched 
surfaces may then be preserved by coating 
with a thin, clear lacquer. Some typical 
macro samples will be found in various 
chapters in this Handbook. 

The specifications under which the weld¬ 
ment is constructed will define the types, 
sizes and number of defects allowable for 
the particular type of welded joint. Where 
a defect is located, additional specimens 
are usually cut at certain intervals on 
each side of the defective segment where- 
ever the joint length will permit. If ad¬ 
ditional defects are found, more specimens 
are usually cut until the limit of the 
defective welding has been definitely 
established. 

In the examination for exceedingly small 
defects or for grain structure at high 
magnification, specimens may be cut from 
the actual weldment, as above, or from 
welded test samples. The samples are 
prepared with a highly polished mirror- 
like surface and etched for examination 
under high-powered microscopes to show 
the structure of the base metal, heat- 
affected zone, fusion zone and weld metal. 
I hese specimens are called micro speci¬ 
mens and are most often specified for alloy 
steels or nonferrous metals. Typical 


photomicrographs will be found in vari¬ 
ous chapters in this Handbook. For a 
detailed discussion of microscopic exami¬ 
nation procedures, reference may be 
made to A STM Standards, Part 1, 
Metals. 

MAGNETIC PARTICLE INSPECTION 

General 

Magnetic particle inspection is a non¬ 
destructive method for detecting cracks 
and other discontinuities, at or near the 
surface in magnetic materials. It should 
be kept in mind that magnetic particle in¬ 
spection produces indications of discon¬ 
tinuities which may or may not be defects. 
It is necessary for the inspector to properly 
interpret these indications to determine 
what types of discontinuities are being 
indicated. It is then necessary to de¬ 
termine whether or not these discontinui¬ 
ties will affect the performance of the 
weldment in service. Since wide variation 
is possible in the inspection technique and 
in the evaluation of the results, it is ab¬ 
solutely essential that the following points 
be discussed and agreed upon: 

1. What weldments or sections of 
weldments are to be inspected. 

2. What techniques to use (these 
should be specified in exact detail). 

3. What types of discontinuities 
should be rejected. 

4. What type of discontinuities may 
be accepted. 

5. Definition of reworking and sub¬ 
sequent retesting which may be 
permissible. 

Since this method depends upon producing, 
recognizing and evaluating visual indica¬ 
tions, its success or failure depends prima¬ 
rily upon the care and knowledge of the 
personnel actually performing the inspec¬ 
tion. Because of this, it is essential that 
the inspectors be selected and trained for 
this type of work. This includes not only 
knowledge of how to produce indications 
but how to carefully interpret them and 
how to apply standards of evaluation 
which have previously been discussed and 
decided upon. 

Basic Principles .—Magnetic particle in¬ 
spection depends on simple magnetic and 
electrical principles. By the use of high 
amperage electrical currents, a strong 
magnetic field in the proper direction is set 
up in the piece being inspected. A leakage 
field will be set up by a discontinuity 
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which intercepts the field in the part 
(Figs. 32 and 33). This leakage field 
produces local poles which will attract 
and hold finely divided magnetic particles. 
The pattern thus produced on the surface 
of the part indicates the presence of a 
discontinuity or defect. 

Scope of Application .—The method 
can be used to inspect welds or other parts 
made of magnetic materials, such as iron 
and the magnetic alloy steels. It may also 
be used to inspect plate edges prior to 
welding and for inspection of parts being 
repaired by welding. 

Defects which may be detected in welds 
by magnetic particle inspection include 
surface cracks of all kinds, both in the 
weld metal itself and in the adjacent base 
metal; laminations or other defects on the 
prepared edge of base metal; incomplete 
fusion and undercut; subsurface cracks; 
and inadequate penetration at the root. 
Although subsurface defects may be de¬ 
tected by magnetic particle inspection 


like discontinuities than to those that are 
rounded or more nearly spherical in 
shape. The method affords maximum 
sensitivity on defects which are essen¬ 
tially normal to the surface on which 
the inspection is being carried out. For 
example, laminations cannot be detected 
by this method from the top or bottom 
surface of a plate but can be detected 
if the plate is inspected along the 
edges where the laminations are essen¬ 
tially at right angles to the surface being 
inspected. A discontinuity is also best 
indicated if it is essentially at right angles 
to the magnetic flux in the part. This 
condition is brought about by using those 
techniques which will set up a magnetic 
field in the proper direction or direc¬ 
tions. 

The sensitivity of the method is affected 
by the surface conditions existing at the 
time inspection is carried out. Normally, 
however, no special surface preparation 
such as machining or grinding is necessary. 



Fig. 32.—Magnetic Flux Distribution and 
Leakage Field in Magnetized Part with Surface 
Discontinuity 



Fig. 33.—Magnetic Flux Distribution and 
Leakage Field in Magnetized Part with Sub¬ 
surface Discontinuity 


under suitable conditions, it is most re¬ 
liable for the detection of surface defects. 

Limitations. — Being a magnetic method 
it is applicable only to ferromagnetic 
materials in which the deposited weld 
metal is also ferromagnetic. It cannot be 
used to inspect nonferrous materials or 
the austenitic steels. It may also be diffi¬ 
cult or impossible to inspect a weld be¬ 
tween metals of widely dissimilar mag¬ 
netic characteristics or welds where the 
magnetic characteristics of the deposited 
metal are appreciably different from the 
base metal. Joints between metals of dis¬ 
similar magnetic characteristics create 
magnetic discontinuities which may pro¬ 
duce indications even though the joints 
themselves may be sound. 

The sensitivity of this method in the 
detection of subsurface defects decreases 
with a decrease in the size of the dis¬ 
continuity and also decreases with in¬ 
creased depth below the surface. The 
method is more sensitive to- long crack- 


The surface must be clean and dry; oil, 
water, excessive slag or rust accumulations 
will interfere with proper inspection. Wire 
brushing, sand blasting or comparable 
surface cleaning is usually satisfactory 


and most welds may be inspected without 
further preparation. Surface roughness, 
however, docs decrease the sensitivity of 
the method in detecting subsurface discon¬ 
tinuities. Unusual roughness distorts the 
magnetic field and also interferes me¬ 
chanically with the formation of the pow¬ 
der patterns. If the surface is unusually 
rough, it may be advantageous to lightly 
grind it before inspection. If questionable 
patterns appear on rough welds, it i* 
advisable to grind the surface slightly 


and then reinspect. 

Interpretation of Indications. Indica¬ 
tions of surface cracks, in general, consFt 
of powder patterns which are sharply de¬ 
fined, tightly held and usually quite heavi y 
built up with powder. Indications of su - 
surface discontinuities on the other hand, 
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are usually less sharp, of fuzzy appearance 
and less tightly adherent. After some 
experience an inspector can form an opin¬ 
ion as to the severity of the defect or its 
distance below the surface by the nature 
of the pattern. Typical crack patterns are 
illustrated in Fig. 34. Crater cracks are 
recognized by their patterns, which are 
usually small and occur at the terminal 
point of the weld. They may he a single 
line in almost any direction, multiple or 
star shaped. Incomplete fusion will pro¬ 
duce an accumulation of powder which 


plete fusion. Undercut also can be de¬ 
tected by visual examination. 

Inadequate penetration at the root of a 
weld or a gap between the plates at the 
root may produce a powder pattern re¬ 
sembling that produced by a subsurface 
crack. Such inadequate penetration or 
gap may not constitute a defect or be 
objectionable, depending on the require¬ 
ments of the particular weld. Figure 36 
shows a typical pattern obtained when this 
condition is present. 

Subsurface porosity or slag inclusions 




Fig. 34.—Surface Cracks 

Illustrating the pattern of a center-line (longitudinal) weld 
crack (upper) and a crack (longitudinal) in or near junction 
of weld with base metal (lower). 


xv *ll generally be fairly pronounced: vis- 
uul appearance of the weld edge will us¬ 
ually confirm its presence. The pattern 
produced by incomplete fusion occurring at 
the surface is sharper and more tightly 
adherent than if the incomplete fusion is 
more deep seated. This type of defect is 
illustrated in Fig. 35. 

Undercut also produces a pattern at the 
uc ld edge which adheres less strongly 
than the indications obtained bv incom- 

w? 


may produce powder patterns, which are 
usually not strong nor pronounced and are 
readily distinguished from indications of 
surface conditions. Figure 37 illustrates 
a subsurface defect pattern. 

Irrelevant Indications .—Certain condi¬ 
tions in a weld may lead to the formation 
of powder patterns which are not indica¬ 
tions of cracks or other discontinuities and 
which are of no significance in evaluating 
the soundness of the weld. These patterns 
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Fig. 35.—Incomplete Fusion 

Pattern at A indicates a surface condition. Broadening of pattern at B 
indicates that the condition is more deep-seated. 


may be produced by the physical contour 
of the part or by magnetic discontinuities 
not affecting the serviceability of the weld¬ 
ment. Such indications may be caused by 
a thin area of change in section of the part 
and may occur above or adjacent to an 
oil hole, a keyway or a lightening hole. 


These patterns are usually readily identi¬ 
fied by their location and the shape of the 
part. Irrelevant indications may also be 
produced by an abrupt change in the mag¬ 
netic characteristics of the material. An 
example of this is an indication which may 
occur at the edge of the heat-affected zone 




Fig. 36.—Root Gap 

Illustrating the pattern obtained (top) when 
a root gap as shown (bottom) is present. 



Fig. 37.—Subsurface Crack 
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in the base metal of a weld in a high-alloy 
or air-hardening material. This is in the 
form of a diffused or fuzzy pattern run¬ 
ning along the base metal in a line paral¬ 
leling and quite close to the edge of the 
weld. This pattern very closely resembles 
that caused by undercutting or incomplete 
fusion. It is, however, very loosely ad¬ 
herent and after some experience can be 
readily recognized. The indication is 
caused by change in the magnetic proper¬ 
ties of the metal at the edge of the heat- 
affected zone, and will disappear if the 
piece is heat treated or stress relieved. 
A similar pattern may be produced when 
a ferritic (magnetic) base metal is welded 
with austenitic (non-magnetic) filler 
metal. For this reason magnetic particle 
inspection is not normally recommended 
for the inspection of welds of this type. 

Where unusual patterns are produced 
for the first time it may be necessary to 
establish identity by correlating the results 
with other test methods, such as observa¬ 
tion under magnification, sectioning, etch¬ 
ing, metallurgical examination, etc. Once 
the proper interpretation has been estab¬ 
lished for a given type of indication, this 
interpretation can readily be applied to 
similar indications on other similar parts. 

Evaluation of Observations .—After a 
discontinuity has been identified a decision 
must be made as to whether the weld is 
acceptable, may be repaired or is to be 
rejected. In most cases this decision will 
be governed by applicable specifications, 
standards or purchase orders. If this is 
not the case, the discontinuity should be 
judged on the basis of whether or not it 
will affect the serviceability of the part in 
question. Consideration must be given to 
the shape, size and direction of the discon¬ 
tinuity, as well as its location with refer¬ 
ence to the amount and direction of stress 
in the area in which it is found. It should 
also be determined whether or not subse¬ 
quent processing or machining operations 
would remove the defective area. In gen¬ 
eral all crack-like discontinuities, par¬ 
ticularly those occurring at the surface, 
* are stress raisers from which fatigue or 
other service cracks may develop or they 
may be focal points for corrosion. 


Techniques 


Various 
used, each 
limitations, 
determined 


techniques and procedures are 
with certain advantages and 
Specific techniques must be 
and defined in detail in order 


to produce consistent and comparable re¬ 
sults. 

Type of Magnetising Current .—Both 
a.c. and d.c. are used for the purpose of 
magnetizing the parts to be inspected. 
These currents are usually high-amperage, 
low voltage. 

Since a.c. has a skin effect it magnetizes 
only the surface layer of the part. For this 
reason it is effective only for locating 
discontinuities extending to the surface. 
It is suitable for detection of fatigue or 
service cracks, which normally start at 
the surface. It is sometimes used to in¬ 
spect welds in joints designed for incom¬ 
plete penetration so that surface cracks 
will be indicated but the unfused root will 
not. 

Some form of d.c. is used for most weld¬ 
ing inspection in order to produce a field 
which will penetrate throughout the part 
and thus make possible the location of 
subsurface discontinuities as well as all 
surface cracks. For purposes of mag¬ 
netic particle inspection, rectified a.c. gives 
the same results as d.c. and is considered 
comparable to straight direct current. 
Surge characteristics available in rectified 
a.c. equipment especially designed for this 
type of inspection and in some motor- 
generator sets are advantageous in that 
they enable defects to be located at a 
greater depth below the surface than with 
equipment which does not have surge 
characteristics. If it is desirable to locate 
subsurface defects the best magnetizing 
procedure is to use single-phase, half¬ 
wave, rectified current. This current 
combines the advantage of surge charac¬ 
teristics due to the wave form with ad¬ 
ditional particle mobility due to the pul¬ 
sating current. Figures 38 and 39 show 
comparison curves based on threshold in¬ 
dications in an unhardened 0.90% C. tool 
steel ring, 5 in. O.D., V/ 4 in. I.D. and 7* 
in. long. 

Inspection Medium .—Inspection mate¬ 
rial is available in various forms and 
colors. The selection depends on the type 
of surface being inspected and the type of 
defect to be located. 

Dry Method : The materials normally 
used for the dry method consist of finely 
divided, ferromagnetic particles in powder 
form. The particles are coated to afford 
greater particle mobility. They are also 
colored to afford maximum contrast with 
the part being inspected and are available 
in gray, black and red. The dry method 
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DEPTH TO CENTER OF 0.07"ARTIFICIAL DEFECT 

Fig. 38.—Comparison of Wet and Dry Methods Using Both A.C. 

and D.C. 


is easier to use on rough surfaces and is 
more readily portable. Dry particles also 
afford greater sensitivity for location of 
the larger subsurface discontinuities. The 
powder is usually applied with some sort 
of hand applicator or by a special powder 
gun. Care must be taken to apply the 
powder in the form of a low velocity cloud 
so that the particles will have an oppor¬ 
tunity to line up in indicating patterns as 
they approach the surface of the magne¬ 
tized part. Excess powder may be re¬ 
moved from the surface by the use of a 
low velocity air stream, which should be 
of sufficient force to just remove the ex¬ 


cess powder without disturbing lightly 
held powder patterns. 

Wet Method : The indicating particles 
used in the wet method are smaller than 
those used in the dry method. The ma¬ 
terial is usually furnished in the form of 
a paste which is mixed with a light oil, 
such as a highly refined kerosene, in the 
ratio of approximately lVz oz. of paste 
to 1 gal. of suspension. The bath must 
be properly agitated in order to prevent 
the indicating material from settling out. 
The inspection medium is applied either 
by flowing or spraying the suspension over 
the surface or by immersing the part in 



DEPTH TO CENTER OP 007" ARTIFICIAL DEFECT 

Fig. 39.—Comparison of Sensitivity of A.C. f D.C. f D.C. with 

Surge and Half-Wave 
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the suspension. The wet method is nor¬ 
mally used on smaller parts and those 
having smoother or machined surfaces. 
It is somewhat more sensitive for indicat¬ 
ing extremely fine defects due to the 
smaller particle size. The materials are 
available in either red or black and the 
color affording the best contrast on the 
parts being inspected is used. Wet method 
indicating material is also available with 
the particles coated with a dye which 
fluoresces brilliantly under ultra-violet 
(black) light. The bath is mixed in 
the same way as with the red or black 
material except that only approximately 
0.1 to 0.2 oz. of paste is used per gallon 
of suspension. The indications must be 
observed under black light in a dark or 
shaded area. Because the indications are 
fluorescent and therefore more readily 
seen, the fluorescent inspection material 
increases the sensitivity of the method in 
indicating very small or fine discontinu¬ 
ities and also assists in more rapidly in¬ 
specting irregular or dark surfaces (Fig. 
40). The fluorescent magnetic particle 


field is of sufficient strength to be used 
for the purpose of magnetic particle in¬ 
spection. 

Continuous Method : With this proce¬ 
dure the indicating medium is on the part 
while the magnetizing current is flowing. 
Since the magnetic field in the part is at 
a maximum while the magnetizing force 
is being applied, the continuous method 
offers maximum sensitivity. Most welds 
are inspected by the continuous method 
in order to obtain maximum sensitivity 
for indication of subsurface discontinuities. 
When inspecting by the dry-continuous 
method, the magnetizing current continues 
to flow during the entire time the particles 
are being applied and the excess particles 
removed. It should be noted that if the 
magnetizing current is turned off before 
removing the excess particles, only the 
indications held by the residual field will 
remain. When inspecting by the wet-con¬ 
tinuous method, the usual procedure is to 
flow the indicating suspension over the 
area being inspected and immediately ap¬ 
ply the magnetizing current for a period 




Fig. 40.—Surface Cracks in Irregular Parts 

Left—As indicated with black particles. Right—As indicated with fluorescent particles. 


method is applicable only to magnetic ma¬ 
terials and should not be confused with 
fluorescent penetrant inspection, as dis¬ 
cussed in more detail in the next section 
of this chapter. 

Sequence of Operation .—All magnetic 
steels will retain some magnetic field after 
the magnetizing force has been removed. 
This retentivity varies with different types 
of material. In general, the hard mate¬ 
rials and the higher alloys retain a higher 
residual field. In some cases this residual 


of approximately one-half a second. This 
permits the indications to form as the 
suspension containing the indicating 
medium flows across the surfaces being 
inspected. The inspection medium should 
not be re-applied after the current has 
ceased to flow as this may wash away 
lightly-held indications. 

Residual Method : With this technique 
the indicating particles are applied to the 
part after the magnetizing current has 
ceased to flow. The residual magnetic 
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Fig. 41.—Sketch of Longitudinal Field 


field remaining in the part is depended 
upon to attract and hold the indicating 
patterns. This technique can only be used 
on materials of relatively high magnetic 
retentivity. It is usually necessary to de¬ 
termine by actual experiment whether or 
not the particular material has sufficient 
retentivity to permit inspection by the 
residual method. 

Orientation of Magnetic Field .—It is 
necessary to have the magnetic field in a 
favorable direction in order to produce 
indications. If the magnetic field is paral¬ 
lel to a discontinuity, the indication may be 
weak or lacking. Best indications are 
produced when the magnetic field is es¬ 
sentially at right angles to the discontinu¬ 
ity. Indications will, however, be pro¬ 
duced even though the angle between the 
discontinuity and the field is small as 
long as the field is not parallel to the dis¬ 
continuity. Since a magnetic field is al¬ 
ways at right angles to the flow of cur¬ 
rent, best indications are produced when 
the current is flowing through the part 
or through the magnetizing conductor or 
coil in a direction approximately parallel 
to the discontinuity. 

Longitudinal Field: A longitudinal 
field (Fig. 41) is a magnetic field which 
extends within the part from one or more 
magnetic poles to another or other mag¬ 
netic poles and which has its return path 
through the air external to the part. It 
is usually produced by a coil, solenoid or 
cable wrapping and best indicates dis¬ 
continuities essentially at right angles to 
tlie axis of the coil. 

Circular Field: A circular field (Fig. 
42) is a magnetic field in a part such that 
the magnetic flux lines complete their 
path essentially within the contours of 


the part itself. With true circular magne¬ 
tization there are no magnetic poles and 
little external leakage field. Circular 
magnetization best indicates discontinu¬ 
ities essentially parallel to the direction 
of current flow. 

The part may be circularly magnetized 
overall by using the part itself as a con¬ 
ductor (direct method) or by threading a 
conductor through a central opening in the 
path (indirect method). It is advanta¬ 
geous to use a central conductor to obtain 
circular magnetization whenever possible 
because a more uniform field is produced 
throughout the part and because it elimi¬ 
nates the problem of making suitable con¬ 
tacts to carry the high amperage current 
through the part itself. 

On large parts or where it is desired to 
inspect certain specific areas, it may be 
impossible or impractical to magnetize the 
piece as a whole. In this case the part 
may be magnetized locally by passing cur¬ 
rent through areas or sections of the part 
itself by means of contacts or prods. This 
produces a circular field in the area be- 


Fig. 42.—Sketch of Circular Field 













INSPECTION 


965 


tween the contact points. This technique 
is usually used in the inspection of heavy 
weldments where the weld and adjacent 
metal only are to be inspected. Care 
must be taken that the contact prods and 
the areas being inspected are sufficiently 
clean to permit passage of the high amper¬ 
age current without arcing or burning. 
In the case of high-alloy materials which 
are air-hardening, hard spots or even 
cracks may be produced by such local 
overheating which might affect the serv¬ 
iceability of the part. It is usually ad¬ 
visable to use equipment with a low open- 
circuit voltage (2 to 16 volts) for this pur¬ 
pose in order to prevent burning and also 
to prevent arc flash which might be in¬ 
jurious to the inspector’s eyes. 

Amount of Magnetizing Current. —It is 
necessary to have sufficient field strength 
to properly indicate all discontinuities 
which might affect the performance of the 
weldment in service. Excessive magne¬ 
tizing currents, however, are disadvan¬ 
tageous because they may produce irrele¬ 
vant patterns due to surface field or due 
to the irregular contours of the part. In 
many cases the magnetizing current re¬ 
quirements should be determined by speci¬ 
fications, standards or purchase orders. 
Where such specific instructions are not 
available, current requirements may be de¬ 
termined by experience or by actual ex¬ 
periments. Usually, however, a consider¬ 
able latitude in the magnetizing currents 
is possible without appreciable variation 
in the indications obtained. The voltage 
used has no effect on the magnetic fields 
produced and it is therefore advantageous 
to use as low a voltage as possible in order 
to minimize contact problems and also to 
prevent overheating the parts and equip¬ 
ment. The following figures indicate ap¬ 
proximate amperage ranges which may 
serve as a guide to assist in setting up 
procedures for this type of inspection: 

Longitudinal Magnetization : 

Dry method—100 to 400 amp.-turns 
per in. of coil diameter. 

Wet method—400 to 1000 amp.- 
turns per in. of coil diameter. 

Overall Circular Magnetization : 

Dry method—100 to 400 amp. per 
in. of outside diameter of part. 

Wet method—500 to 1200 amp. per 
in. of outside diameter of part. 

Local Circular Magnetization : 

Dry method—300 to 1200 amp. with 
contact spacings of from 4 to 12 in. 

Wet method—500 to 1500 amp. with 
contact spacings of from 2 to 12 in. 


Demagnetisation. —Most weldments do 
not require demagnetization after mag¬ 
netic particle inspection. Mild steel does 
not retain an appreciable residual field 
after the magnetizing force has been re¬ 
moved. A residual magnetic field in a 
part has no appreciable effect on its me¬ 
chanical characteristics so that demagnet¬ 
ization is not necessary unless the part re¬ 
tains a strong residual field which 
interferes with subsequent machining or 
arc-welding operations or is to be used 
in structures such as aircraft, where the 
magnetic field might affect sensitive 
electrical instruments. If demagnetization 
is necessary, the usual procedure is to 
draw the part through a high field inten¬ 
sity, a.c. coil. The coil preferably 
should be kept as small as possible. 
Larger parts may be demagnetized 
by subjecting them to an a.c. field which 
is gradually reduced in intensity to a neg¬ 
ligible amount. On parts difficult to de¬ 
magnetize, hammering them and/or ro¬ 
tating them in the field will sometimes be 
of assistance. Long structures should be 
demagnetized with their axes in an east- 
west direction to minimize the effect of 
the earth’s field. Heat treating or stress 
relief will also demagnetize weldments. 

Equipment Used 

The basic equipment for magnetic par¬ 
ticle inspection is relatively simple. *It 
includes convenient facilities for setting up 
suitable fields of proper strengths and in 
correct directions. Means are provided 
for adjusting the amount of current flow¬ 
ing, and an ammeter, plainly visible to the 
inspector, should be provided in the mag¬ 
netizing circuit so that the inspector will 
know that the correct magnetizing force 
has been applied for each inspection. 
Facilities are needed for correct applica¬ 
tion of the indicating medium. In some 
cases it may also be necessary to provide 
facilities for demagnetization after inspec¬ 
tion. Special semi-automatic or automatic 
equipment may be used for more rapid 
and economical inspection of parts on a 
production basis. 

Stationary Equipment (Wet Method ).— 
| 7 or inspection of smaller parts, where it 
is more convenient to bring the part to 
the unit, stationary equipment (Fig. 43) 
is used. General purpose equipment usu¬ 
ally provides clamping heads for circular 
magnetization and a coil for longitudinal 
magnetization. This type of equipment 
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usually has a maximum available magne¬ 
tizing current of from 3000 to 5000 
amperes. High amperage, direct current 
may be obtained from heavy-duty recti¬ 
fiers or batteries; high amperage, alter¬ 
nating current is obtained by use of trans¬ 
formers. Means are provided for adjust¬ 
ing the amount of magnetizing current 
and also for applying the current impulse 
at the correct time and for the correct 
duration. A V-type tank is used for the 
inspection medium which should be agi¬ 
tated by air or pump so that a constant 
concentration of the magnetic particles will 
be maintained throughout this suspension. 
Units having an a.c. output may also be 
used for demagnetization after inspection. 
Separate, high-field strength, a.c. coils arc 
used for demagnetization in conjunction 


obtained through suitable transformers. 
The magnetizing is done by use of port¬ 
able prods, contacts or coils connected to 
the unit by flexible cables. A remote 
control switch should be provided which 
may be built into the prod handles. 
Special gun-type applicators are available 
for more rapid and uniform application 
of dry powder. These deliver either low 
velocity clouds of powder or light streams 
of air to blow off excess indicating mate¬ 
rial. Each is also equipped with a light 
which materially assists in inspection of 
large, irregular weldments. This equip¬ 
ment permits inspection of welds in any 
position. Powder may also be applied 
with a small rubber spray bulb or a 
shaker. Care should be taken to dust on 
the powder very lightly and sparingly. 



Fig. 43.—Typical Stationary Equipment 
Suitable for inspection of small weldments by wet method. 


with d.c. equipment. By the use of ex¬ 
ternal cables, and suitable clamps or prods, 
large pieces may be inspected external 
to stationary units. This may be done 
using either the wet or dry method. 

Portable Equipment (Dry Method ).— 
For the inspection of large parts, portable 
equipment (Fig. 44) is more convenient 
so that it can be positioned adjacent to 
the piece being inspected. This type of 
equipment normally has a maximum out¬ 
put of up to 3000 amp. and is equipped 
with suitable switches for convenient con¬ 
trol of the amount and application of cur¬ 
rent. High amperage, d.c. may be ob¬ 
tained from rectifiers, batteries or motor- 
generator sets. High amperage, a.c. is 


When a hand applicator is used, a low- 
velocity air stream from a hand bulb or 
a small air hose may be used to remove 
excess powder. 

Recording Indications .—It is often de¬ 
sirable to make a permanent record of 
indications obtained. This is quite simply 
accomplished by the use of transparent 
cellulose (Scotch tape) transfers. A 
piece of tape slightly longer than the in¬ 
dication is placed on the indication, tacky 
side down, and pressed firmly onto the 
part. The tape may be either left on the 
piece or upon removal will bring the 
powder pattern with it. It may then e 
mounted on a piece of white paper 
directly on the inspection report as 
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permanent record. W hen inspecting with 
dry powder best results are obtained by 
blowing excess powder from around the 
indication and by having a surface reason¬ 
ably free of oil, moisture and dirt. When 
used with the wet method the oil must 
then be removed from and around the in¬ 
dication to prevent smearing and distor¬ 
tion when tape is applied. This is most 
easily accomplished by permitting the part 
to dry in the air for four to five hours 
and drying the part with warm air or 


Common Applications 

Inspection of Heavy IVeldments. —Mag¬ 
netic particle inspection may be applied 
to all types of heavy weldments, as long 
as the materials are magnetic. It is usu¬ 
ally used to inspect the finished welds. 
On heavy, multiple-pass welds, however, 
it is sometimes used to inspect each pass 
immediately after it lias been deposited. 
It is also often used to inspect roots of 
joints which have been back chipped, in 



Fig. 44.—Typical Portable Equipment 

Includes powder blower and contact prods. Suitable for inspection of heavy weldments 
•>> dry method. 


careful application of a volatile solvent. 

It is frequently desirable to record not 
<»nly the appearance of the indications on 
a part, but also their locations on the part, 
hi this case the tape should be cut long 
enough not only to cover the indication, 
but also to extend to a corner, hole, key¬ 
way or other change of section which 
may be used as a reference. A drawing 
or simple sketch may also be used to 
indicate the location at which the transfer 
was taken. 


order to be certain that the weld metal has 
been removed to sound metal and that no 
cracks are present. Where the weldment 
is to be stress relieved, it is usual to make 
a final inspection after stress relieving. 
It is possible to obtain greater sensitivity 
for detection of subsurface defects after 
stress relief and there is also the possi¬ 
bility that small subsurface cracks may 
be extended by the stress-relief treatment. 
In some cases it may be advisable to in¬ 
spect both before and after stress relieving 
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so that major repairs can be made before 
stress relieving. 

The dry continuous method using some 
type of direct current and employing local 
circular magnetization (prod technique) 
is usually recommended for heavy weld¬ 
ments. Half wave, rectified current is 
preferable for location of subsurface dis¬ 
continuities. Alternating current may be 
used if inspection is to be limited to de¬ 
tection of cracks extending to the surface. 
The weld is magnetized by passing about 
600 to 1000 amp. along the length of the 
weld using a prod spacing of from 4 to 
8 inches. The prod positions should be 
overlapped slightly on consecutive shots. 

Inspection of Light Weldments ( Air¬ 
craft Type). —Most steel weldments used 
in aircraft are inspected by the magnetic 
particle method. These parts are sub¬ 
jected to fatigue conditions which means 
that location and elimination of all sur¬ 
face cracks is particularly important. 
Also since the 'weldments are relatively 
thin, magnetic particle inspection offers 
ample sensitivity to detect any subsurface 
discontinuities which might be detri¬ 
mental. Light, aircraft-type weldments 
are usually inspected by the wet continu¬ 
ous method. Direct current is usually 
used although alternating current has been 
found satisfactory on thin materials. The 
continuous method is usually recommended 
even though many of the alloys commonly 
used in aircraft structures have fairly 
high retentivity. 

Small weldments which can conveni¬ 
ently be.inspected by the overall method 
on standard, stationary type units are 
given two inspections using both longitu¬ 
dinal and circular fields. Larger weld¬ 
ments are inspected by local circular mag¬ 
netization. This is accomplished by mak¬ 
ing contact to the structure with fish- 
mouth clamps or some other suitable con¬ 
tacts. A longitudinal field may be used 
on large structures by wrapping several 
turns of cable around the weld area. 

Plate Inspection. —Magnetic particle in¬ 
spection is frequently used to inspect plate 
edges prior to welding. The purpose of 
this type of inspection is to detect cracks, 
laminations, inclusions and segregations. 
It will only reveal those discontinuities 
which are near or extend to the edge 
being inspected. Not all discontinuities 
found on plate edges by magnetic particle 
inspection are objectionable. It is neces¬ 
sary, however, to eliminate those that 


would either affect the weldability of the 
plate or the ability of the material to 
assume design loads under service condi¬ 
tions. 

The dry continuous method, employing 
prod technique with either a.c. or d.c. is 
suitable for plate edge inspection. When 
a.c. is used, the inspection is limited to 
discontinuities extending to the edge be¬ 
ing inspected. 

Repair or Rework Inspection. —One of 
the most useful applications of magnetic 
particle inspection is in conjunction with 
repair or rework procedures both on new 
parts and on parts that may have de¬ 
veloped cracks in service. This applies 
not only to repair of weldments but also 
to rework done by welding in the repair 
or salvage of castings and forgings. Many 
objectionable discontinuities which have 
been detected by magnetic, radiographic, 
visual or other inspection methods, may 
be removed by chipping, gouging or grind¬ 
ing, and the repair made by welding. In 
this type of work it is useful to inspect 
the cavity after the defective material has 
been removed to make certain that the 
discontinuity has been entirely eliminated 
before proceeding with the repair weld. 
It may also be advisable to check the re¬ 
pair weld itself after it has been com¬ 
pleted to find any cracks or other ob- 
jectional discontinuities in the weld or in 
the adjacent metal. 

In general the same inspection pro¬ 
cedures should be used in connection with 
repair or rework procedures as would be 
used on the original parts. 

FLUORESCENT PENETRANT 

INSPECTION 

General 

# • 

Fluorescent penetrant inspection is a 
non-destructive test method for locating 
cracks, pores, leaks and similar discon¬ 
tinuities in solid materials. It is particu¬ 
larly useful on non-magnetic materials 
where magnetic particle inspection can¬ 
not be used. Its principal uses in the 
welding field are for the detection of sur¬ 
face defects in aluminum, magnesium and 
austenitic steel weldments, and for locat¬ 
ing leaks in all types of welds. 

Since variations are possible in inspec¬ 
tion techniques, and in the evaluation ot 
the results, it is essential to predetermine 
what welds are to be inspected, the exac 
technique to be used, what types of discon- 
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tinuities are to be rejected, and what re¬ 
work will be permitted. Since this method 
depends on producing, recognizing and 
evaluating visual indications, its success 
or failure depends primarily on the care 
and knowledge of the inspector. 

Baste Principles .—Fluorescent pene¬ 
trant inspection makes use of a water- 
washable penetrant of high fluorescence 
and unusual penetrating properties. Due 
to its low surface tension, it will readily 
be drawn into extremely small surface 
openings by capillary action. It carries 
a dye in solution which will fluoresce 
brilliantly, even in minute quantities, when 
exposed to near ultra-violet or black 
light.* 

After proper washing, drying and de¬ 
veloping, the discontinuities are shown by 
brilliant fluorescent indications when the 
part is examined under black light. 

Technique 

Penetration .—A surface film of pene¬ 
trant is applied to the areas being in¬ 
spected by dipping, brushing or spraying. 
The required penetration time may vary 
from one minute to several hours depend¬ 
ing on the material and type of defect. 
Heating the penetrant is not recommended. 
Since it is necessary for some of the pene¬ 
trant to enter the discontinuity in order 
to produce an indication, the part must be 
clean and dry before inspection. 

Rinse .—After penetration all traces of 
penetrant must be removed from the sur¬ 
face by a water rinse. This operation 
should be done under black light to as¬ 
sure a rapid and complete operation. It 
is best accomplished by a special low- 
pressure water spray. It may also be 
accomplished with clean water-soaked 
rags, or by sand blasting. Solvents should 
not be used as they may remove indica¬ 
tions of discontinuities. 

Develop .—Dry developer is applied to 
the surface after drying. The drying may 
be accomplished by a hot-air dryer, by 
a blast of clean dry air or by standing in 
air. Dry developer may be applied with 
spray bulb or powder gun or by dipping 
small parts in the powder. After applica¬ 
tion of the dry developer a developing 


* Black light is the term applied to the in¬ 
visible, near ultra-violet light, about 3650 
Angstrom units in wave length, or just be¬ 
yond the visible spectrum. It is usually obtained 
from a high-pressure mercury-arc bulb equipped 
with proper filter. 


time should be allowed of about half the 
penetration time. 

Wet developer is applied to the surface 
in the form of a colloidal water suspen¬ 
sion. This is done after rinsing and be¬ 
fore drying. It may be applied by dipping 
or spraying. Hot air drying is recom¬ 
mended. No additional developing time 
is necessary since the indications are de¬ 
veloped during the drying operation. 

Inspection .—The actual inspection is 
conducted under a fixed or portable black 
light with all other light subdued. This 
may be in a booth or shaded area in the 
plant. The indications fluoresce bril¬ 
liantly and a deep discontinuity may be 
distinguished from a shallow one by the 
width or amount of fluorescent bleeding 
of the indication. 

Common Applications 

Large Weldments .—Pressure and stor¬ 
age vessels and piping in the petroleum, 
chemical and dairy industries are often 
made of non-magnetic materials and may 
be inspected for surface cracks and po¬ 
rosity by this method. The penetrant is 
usually applied to the clean dry surface 
by brushing or spraying. For usual con¬ 
ditions penetration time is about one hour. 
Dry developer is normally used because 
hot air drying is impractical. Sand blast¬ 
ing instead of rinsing is excellent when 
available, since its use eliminates the 
necessity for drying, and the fine particles 
of sand act as developing material. 

Small Weldments .—Small aluminum, 
magnesium and austenitic steel weldments 
for such applications as aircraft and jet 
engines and welded valve facings are usu¬ 
ally inspected using standard stationary 
equipment. Penetrant is applied by dip 
or flow-on techniques and penetration 
times of from 30 min. to 2 hr. are allowed. 
Wet developer is usually used because of 
its ease of application to complex shapes. 
A hot air dryer is recommended for maxi¬ 
mum sensitivity. 

Lined Vessels .—Fluorescent penetrant 
may be used to quickly and effectively de¬ 
tect cracks, pores and leaks through the 
lining in lined or clad vessels of the type 
used in the petroleum and chemical in¬ 
dustries. It may be applied to all types 
of welded linings. The techniques are the 
same as for large weldments. Shallow 
cracks and porosity may be distinguished 
from those that extend through the lining 
( leakers ) since the indications of leakers 
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spread rapidly or bleed upon application 
of dry developer. 

Leak Testing. —One of the simplest and 
most useful applications for fluorescent 
penetrant inspection is for leak detection. 
It is used for checking both magnetic and 
non-magnetic weldments, and may also he 
used on brazed joints. The procedure is 
to apply the fluorescent penetrant to one 
side of the joint, by brushing or spraying. 

The penetration time depends on the type 
and thickness of the joint. The other 
side is then examined using a portable 
black light. Dry developer may be used 
on the side being inspected to intensify 
indications. No pressure is necessary 
since the penetrant is drawn through the 
leak by capillary action. It is particularly 
effective on thin-walled vessels and will 
find leaks not found by the usual air test 
with pressures of 5 to 20 psi. The sensi¬ 
tivity of the leak test drops off on mate¬ 
rials over Vi-in. thick. 

RADIOGRAPHIC INSPECTION 
General 

Radiography is a nondestructive test 
method which shows the presence and 
nature of macroscopic defects or other 
structural discontinuities in the interior of 
welds. 

This test method makes use of the abil¬ 
ity of short wave radiations, such as X- 
rays or gamma rays, to penetrate objects 
opaque to ordinary light. In general, the 
shorter the wave length, the greater the 
penetrating power. Not all of the radia¬ 
tion penetrates the weld, some being ab¬ 
sorbed. The amount of this absorption is 
a function of the density and the thickness 
of the weld. Should there be a cavity, 
such as a blowhole, in the weld interior, 
the beam of radiation will have less metal 
to pass through than in a sound weld. 
Consequently, there will be a variation of 
the absorption of the rays by the weld 
in the defective region which variation, if 
measured or recorded on a film sensitive 
to the radiation, produces an image that 
will indicate the presence of the defect. 
The image is an X-ray shadow of the 
interior defect. Such a shadow picture 
is called a radiograph. A successful 
radiograph will be one which has so faith¬ 
fully recorded the X-ray image that the 
presence or absence of a defect in a weld 
is established and. if present, its size, 
shape and location are clearly defined. 


Radiography like most tools has certain 
limitations and its correct understanding, 
application and interpretation require a 
technical knowledge of the method, and a 
reasonable conception of the type of the 
defects disclosed and their relation to the 
applicable specification. 

Sensitivity as Measured by the Pene¬ 
trometer. —It is generally assumed that 
radiographic methods will produce films 
having a sensitivity of 2%. When sensi¬ 
tivity is spoken of, it is considered to 
mean the least percent of weld thickness 
difference which can be detected visually 
on a radiograph. The detection of such 
a thickness difference by the observer is 
a function of the sharpness of the outline 
of the image and of the contrast of the 
image against the film background. For 
the detection of these two qualities in a 
radiograph a gage known as a pene¬ 
trometer is used. The ASME Boiler 
Code Penetrometer consists of a thin 
strip of metal equal in density to the 
weld metal. Its thickness is equal to or 
less than 2% of the weld thickness. Lead 
numerals are attached to one end, which 
indicate the thickness for which the pene- 
trametcr is to be used and three holes are 
drilled in its face, the diameters of which 
are equal to certain percentages of the 
weld thickness, as for example, 4, 6 and 
8 %. 

The penetrameter is placed on the side 
of the weld away from the film. The 
appearance of its image on the film is 
studied as an indication of the two film 
qualities, sharpness and contrast, described 
above. In some work the penetrameter 
is used primarily for the determination 
of image sharpness and is therefore not 
considered a complete measure of film 
quality. Just what these qualities mean 
to the inspector is outlined in the follow¬ 
ing two paragraphs. 

Sharpness of Image Delineation. —This 
is determined by the relative sharpness 
with which image details of the penetram¬ 
eter are shown on the negative for a given 
type of radiographic film. 

This information furnishes evidence as 
to negative quality. That is, fine detail, 
such as a fine crack, if sharply defined 
is more easily detected in the negative. 
Also sharp image delineation is an indica¬ 
tion of whether or not certain factors of 
the radiographic procedure were correct. 
That is, fuzzy images could be caused 
by a vibrating source of radiation or by 
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an improper working distance. Sharpness 
of detail is very important for proper in¬ 
terpretation of the radiograph. There are 
numerous factors affecting it which are 
pointed out below. 

Contrast .—This may be defined as the 
ease with which an image can be seen 
against the negative background. It is 
determined by the relative density of the 
image as compared with that of the ad¬ 
jacent film. Several factors control con¬ 
trast, the two most important being the 
kind of radiation and the type of film 
used. For example, if a weld containing 
large and small defects is radiographed 
using the same type of film and exposure 
to produce the same background den¬ 
sity, first with 200-kv. X-rays and then 
with million-volt X-rays, the individual 
images in the first negative will be 
denser than those of the second and there 
will be a greater spread between the 
highest and lowest density in the first 
than in the second negative. The one 
taken with 200 kv. is said to have more 
contrast than the one taken with the 
million-volt X-rays. Besides the kind 
of radiation and film type, other things 
such as exposure, extraneous radiation, 
film processing, etc., may affect contrast. 
It is obvious that the optimum contrast 
for the negative requires an adjustment 
of factors for the particular type of de¬ 
fect that is of most interest to the in¬ 
spector. Often certain conditions may 
exist which in one way or another pre¬ 
vent an ideal combination and result 
in certain limitations. For example, if 
a weld which is at the top limit of the 
penetration range for a particular X-ray 
machine must be radiographed, it becomes 
necessary to use faster, coarser-grained 
film than would be necessary if another 
machine were available. This results 
in lower contrast because of a greater 
quantity of extraneous radiation affecting 
the film due to the long exposure required 
and the greater sensitivity of the film 
used for this type of radiation. 

Significance of Penetrometer Image .-— 
While the penetrameter has been used as 
a sensitivity gage its effectiveness for 
this purpose has been questioned. Most 
skilled operators prefer to rely upon 
internal evidence in the film itself. It 
is very useful however, to the inspector. 
From a study of the penetrameter images 
lie can obtain information as to sharpness 
of image delineation and photographic 


contrast. Such information is of great 
value in interpreting negatives. In ad¬ 
dition, the presence of the penetrameter 
image constitutes evidence that can be 
used perhaps years later in determining 
whether or not the film was properly 
made. This point is of particular im¬ 
portance where inspection negatives may 
be used in studies to determine causes of 
failures that have occurred in service. 

One of the most troublesome problems 
with some types of metal is that of 
uniformity of radiographic interpretation 
where X-rays are used on some pieces 
and radium on others. Because of this 
problem some further consideration of 
the effect of the type of radiation used on 
contrast is justified. 

The wave length of the radiation from 
radium sources is very short and, in 
consequence, the contrast obtainable is 
much less, factors other than radiation 
being constant. There is a tendency to 
underexpose gammagraphs because of the 
long time required in making exposures. 
Low contrast, as indicated by the pene- 
trameter images, coupled with light film 
density means almost certain loss of fine 
image detail. However, there is some 
compensation in the use of short wave 
length radiation. That is, since contrasts 
are lower for short wave length radia¬ 
tion, a wider range of defects of varying 
depth dimensions can be shown on the 
same negative. This is due to the fact 
that the latitude of the film is itself limited. 
Hence if the exposure is such as to bring 
the penetrameter image to a density 
comparable to that found in the film taken 
with longer wave length radiation, the 
one taken with the shorter radiation 
should show, theoretically, as much de¬ 
tail as the other although the contrast . 
gradation will be less and the negative 
will appear flatter. However, the images 
of details that were faint in the first 
picture will be lost in the second one 
because of the low contrast. So that for 
practical purposes while the apparent 
latitude of the negative has been increased, 
its sensitivity, as measured by its ability 
to depict very small defects, has not been 
maintained. 

It is to be emphasized that in comparing 
radiographic results obtained with X-rays 
and radium it is necessary that the two 
radiographs involved be exposed to pro¬ 
duce. with full development, the same 
background density. Some modification of 
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this may occur where different types of 
films are used, but until the inspector 
has had sufficient experience to make 
this allowance intelligently he should in¬ 
sist on the same background density and 
this should be high. With the film so 
exposed and developed, allowance must 
be made for the difference in contrast 
levels that will be present. That is, the 
inspector must know what contrast to 
expect from the type of film and the 
kind of radiation used. There seems to 
be no substitute for actual experience in 
the determination of proper allowances. 
However, most of the difficulties in uni¬ 
formity of interpretation disappear where 
high-density negatives are required and 
where the X-ray and the radium films 
are exposed to approximately the same 
background density. 


shown on a radiograph is usually of ir¬ 
regular shape. The image of a typical 
slag inclusion is shown in Fig. 45. 

Porosity .—The images of porosity or 
gas pockets in a weld as shown on a 
radiograph are usually small dark spots. 
These images may be fine or coarse, 
the}' may be widely scattered or closely 
grouped. A typical porosity image is 
shown in Fig. 46. 

Cracks .—Cracks in welds produce film 
images of a line darker than the film 
background. Because they extend pri¬ 
marily in one plane some of them require 
the best technique to properly produce 
a satisfactory image on the film. This 
is particularly true where the plane in 
which they lie is not parallel to the 
X-ray beam as, for example, a crack 
following the dendritic structure of some 



Fig. 45.—Radiograph Showing Fusion Zone Slag 


What Radiographs Will Show in a 

Weld 

There are a number of types of defects 
common to arc welding, the presence 
of which may easily be shown by means 
of radiography. The cause and descrip¬ 
tion of them are given elsewhere in this 
Handbook. The purpose of this section 
is to describe and illustrate how images 
of typical welding defects appear in radio¬ 
graphs. It will also describe briefly how 
specifications treat these defects from the 
standpoint of acceptability. 

Slag (Nonmetallic Inclusions ).—The 
image of a slag inclusion in a weld as 


welds. A typical crack as shown by 
radiography is illustrated in Fig. 47. 

Other Defects .—The images of other 
defects common to arc welding are shown 
in Figs. 48 and 49. These include in¬ 
adequate penetration, undercut, surface 
defects and incomplete fusion. The in¬ 
spector’s ability to recognize these accord¬ 
ing to type is largely a matter of experi¬ 
ence and his acquaintance with standards. 

Viewing Conditions 

For the proper interpretation of a radio¬ 
graph it should be examined under con- 
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Fig. 46.—Radiograph Showing Porosity 


ditions which favor the best visualization 
of detail combined with a maximum of 
comfort and minimum fatigue for the 
observer. Radiographs of welds usually 
have low subject contrast.* Consequently, 
satisfactory examination of films of welds 
can usually be made with a single inten¬ 
sity illuminator. The viewing box should 
be situated in a special viewing room 
which is darkened and well ventilated. 
It should have sufficient intensity to permit 
the examination of the darkest areas of 
the film without strain to the observer. 

* By subject contrast is meant the ratio of 
X-ray intensities transmitted by different selected 
portions of the specimen. A casting having 
abrupt thickness changes would have high sub¬ 
ject contrast. 


1 he color of the light has no actual optical 
significance although some people prefer 
the light to he green or blue. 

'Fhe illuminator should provide a cold 
light or should have forced ventilation so 
that its heat will not curl the films placed 
against it for viewing and so that there will 
be a minimum of discomfort. Fluorescent 
lamps provide satisfactory cold light 
sources. Ventilated illuminators using 
high-intensity incandescent lamps with 
rheostat controls are commercially avail¬ 
able. The variable intensity obtainable 
from such units is of particular advantage 
in viewing high-density negatives. 

Fhe light should be provided with a 
means of cutting off the extra area beyond 
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that of the film and a means of clamping 
or resting the film against the ground- 
glass face. It should be placed on a table 
at eye level so that the viewer may sit 
erect. 

Film-Processing Marks 

An inspector of radiography must have 
the ability to interpret films. This ability 
is largely obtained through experience. 
However, there are certain fundamentals 
which may be of help. 

Modern X-ray film consists of a special 


the film. When film processing is carried 
on by means of a standardized procedure, 
carefully followed in every detail for 
every film, clear and satisfactory films 
result. Often it is found that variations 
from a set procedure are made and that 
these result in marks on the radiographs. 
It is the duty of the inspector to recognize 
these marks, to understand when they in¬ 
terfere with the proper interpretation of 
the film and to call for re-X-ray when 
necessary. 

Processing defects, spots and marks on 




I NCOMPLETE 
PENETRATION 


Fig. 48.—Radiograph Showing Inadequate Penetration 


emulsion, a gelatin that contains a silver 
halide compound, coated on both sides of 
a cellulose base. When the film is exposed 
to X-ray, a change takes place in the 
silver halide salts; those that have been 
exposed to radiation are capable of being 
converted into another form of silver by 
the chemical action of a solution called 
the developer; those that are unexposed 
by the radiation can be removed by the 
chemical action of another solution called 
the fixer. When we speak of processing 
a film we mean the various steps of 
developing, fixing, washing and drying 


radiographs of many kinds may be ex¬ 
perienced. For example, colored stains 
or blisters may be the result of an im¬ 
proper wash and stop bath between the 
developing and fixing solutions. Streaks 
may be the result of improper agitation 
of the film during development. Stains 
may occur because of improper mixing 
of solutions or because of the use of 
solutions past their exhaustion point. 
Static marks, which look very much like 
a crack system, are often seen on films 
developed on damp days and are caused 
by careless handling. Streaks may re 
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suit from too long viewing of the wet film 
before a safelight lamp when it is sat¬ 
urated with developer solution. Chemical 
fog may be caused by too long developing 
times. Many other processing defects 
are known. An inspector may gain 
further knowledge of them by reference 
to any of the processing manuals published 
by the various film manufacturers. 


absorptive material, such as lead sheet, 
it will be exposed by back scatter. This 
is usually indicated on the film by images 
of the steel clips of the cassette. If the 
undeveloped film is pinched between the 
finger ends during loading and unloading 
of the cassette, a characteristic film mark 
results. If too great a localized pressure 
is made against the film cassette during 




Fig. 49.—Radiograph Showing Incomplete Fusion 


Film-Handling Marks 

Besides processing marks, other film de¬ 
fects are the result of improper handling 
of the film. For example, fine mechanical 
scratches often occur during processing 
which, upon examination of the film, may 
be interpreted as weld cracks. Viewing 
the film surface by means of reflected 
light will show such marks as emulsion 

scratches. 

If the film is not fully protected from 
the back during its exposure by a highly 


exposure, film marking occurs. Poor 
screen contact (screens are intensifies 
of the radiation, which are used in the 
cassette against the film to reduce ex¬ 
posure time), dirty screens and cracked 
screens result in film marks and unsatis¬ 
factory films. 

Secondary Radiation Effect on Film 

Interpretation 

Besides the primary radiation which 
forms the useful image on the film by 
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passing from the X-ray target in straight 
lines through the weld, there is set up in 
the weld an undirected radiation called 
secondary radio lion. This action occurs 
when X-rays penetrate an object in a 
manner similar to the way in which 
light is scattered by fog. Since this 
radiation also affects the film, its un¬ 
directed nature will produce a haze on 
the radiograph causing a loss of detail 
and contrast. As the thickness of the weld 
increases, so does the effect of the 
secondary radiation. There are a number 
of ways to control this condition, such 
as the use of slower, fine-grained films, 
lead screens or grid diaphragms. 

Weld Surface Condition vs. Weld 

Defects 

An inspector must be able to distinguish 
between images of weld surface markings 
and those of welding defects. It is, of 
course, obvious that this may be accom¬ 
plished only by a familiarity with every 
detail of the fabrication of the job. In 
this connection it is also necessary to 
understand the angulation of the exposure, 
that this has been carried out as specified 
and that such angulation is given con¬ 
sideration in the interpretation of the 
radiographs. 

X-Ray Source 

The most common source of radiation 
for radiographic examination is an X-ray 
tube. This tube consists of an evacuated 
glass bulb in which are mounted two 
elements. One of these, the cathode or 
filament, is a source of electrons while 
the other is usually, for industrial X-ray 
work, a tungsten disk mounted in copper 
which is known as the anode or target. 
When the filament is heated it gives off 
electrons which are forced to travel across 
the space between the cathode and anode 
at high velocities by means of a high 
voltage. The higher the voltage, the 
greater the electron velocity and the 
greater the energy of their bombardment 
on the anode or target. The anode, as 
a result of this electron bombardment 
emits X-rays. These X-rays depend 
for their characteristics upon (1) the 
kind of material making up the target; 
(2) the number of electrons per unit of 
time striking it; and (3) the velocity of 
impact of the electron against the target. 

These three characteristics are of great 


importance in the production of the 
radiographic film image. The first, of 
course, cannot be controlled by the opera¬ 
tor of the machine. The second is known 
as the X-ray beam intensity and is varied 
by changing the filament temperature. 
A meter on the control stand of the X-ray 
machine which reads milliamperes con¬ 
trols the amount of electrons passing 
through the tube and may be adjusted 
by the filament regulator. For example, 
a machine operating at 5 milliamperes will 
produce an X-ray beam one-half as in¬ 
tense as when operating at 10 milli¬ 
amperes. The third factor is controlled 
by adjustment of the X-ray machine volt¬ 
age. This is usually accomplished by ad¬ 
justment of the taps of an autotrans¬ 
former of the machine. The high-voltage 
transformer changes line voltage to high 
voltages of, for example, 200,000 volts 
(200 kv.). The voltage across the tube 
adjusts the X-ray wave length and pene¬ 
trating power. For example, a tube oper¬ 
ating at 100,000 volts will produce X-rays 
which are less penetrating than one oper¬ 
ating at 200,000 volts. 


Gamma-Ray Source 

Gamma rays are similar to X-rays 
except for their wave length which is 
shorter than most X-ray wave lengths, 
except those produced at one million 
volts or higher. The most practical 
source of this radiation is the atomic 
disintegration of radium. The quantity of 
radiation is proportional to the amount 
of radium used. For example, 100 mg. of 
radium requires twice as long as 200 mg. 
to satisfactorily radiograph a thickness 
of steel. 

Radium, usually in the form of radium 
sulfate, is sealed in a small capsule. The 
cross-sectional area of the capsule con¬ 
taining the radium corresponds to the 
focal spot size of the X-ray tube. 

While the short wave length of gamma 
rays allows the penetration of considerable 
thickness of material, exposure times re¬ 
quired are usually many times longer 
than for X-rays because of the lower 
intensity of the source. The low contrast 
levels obtainable with gamma rays render 
them unsuitable for most weld inspection. 


X-Rays vs. Gamma Rays 

It is not easy to compare the merits 
of X-rays and gamma rays as a source 
of radiation for radiography. Each has 
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a definite application in its own fields 
with one hardly a substitute for the other. 
Because of the lower absorption coeffi¬ 
cient of gamma rays as compared to the 
longer wave length of X-rays the general 
rule is that lower contrast negatives will 
result. The lower intensity of this radia¬ 
tion as compared to that obtained with 
X-ray equipment makes necessary the 
use of long exposure times, which are 
not always practical or economical. 
Shorter exposure times with sacrifice 
of sharp definition may be obtained by 
using shorter working distances. This 
loss of definition may be compensated 
for to a certain extent by the use of 
fine-grained films especially sensitive to 
gamma-ray radiation. One expedient that 
has been used to overcome the low con¬ 
trast obtained, is the simultaneous 
exposure of duplicate films, the resulting 
negatives being placed in contact for 
reviewing. Contrast in the negative is 
improved by developing to the limit pos¬ 
sible before the incidence of chemical fog. 

Where the exposure is sufficient to 
yield high-density negatives (above 2.25 
H and D), image details that are faint 
and readable only with difficulty or not 
at all become much more easily discerni¬ 
ble when viewed with suitable illumination. 
The high-density procedure can be applied 
to gamma-ray and high-voltage X-ray 
negatives more successfully than to radio¬ 
graphs made with low- or medium-voltage 
machines because of the lesser influence 
of secondary radiation in the former 
cases which contributes to film blacken¬ 
ing, but not to image delineation. 

Gamma rays, like high-voltage X-rays, 
are found to be extremely valuable in 
radiographing materials having high sub- 
feet contrast. The principal advantage 
of this source of radiation is that it is 
extremely portable. 

High Voltage X-Ray Sources 

In recent years X-ray equipment has 
been developed to where the range of 
energy available is extended indefinitely, 
the only limit being the size of the ma¬ 
chine. This development began in 1941 
with 1000 KVP* X-rays. During the 
war 2000 KVP was successfully used and 
is now applied successfully in industrial 

applications. Figure 50 shows a 2000 
KVP machine which represents the prac- 


* Kilovolt peak. 


tical limit where X-rays may be generated 
by the direct application of accelerating 
potentials. This limit has been over¬ 
come by means of the development of 
the Betatron which accelerates electrons 
by means of magnetic induction. In this 
instrument an alternating magnetic field 
holds the electrons in a stable circular 
orbit within an evacuated annular cham¬ 
ber. An increasing field produces a force 
on the electrons which accelerates them 
to high velocities. After the electrons 
achieve a certain velocity they are ejected 
from their orbit to strike a target at 
which X-rays are generated. The Beta¬ 
tron is used successfully for radiographic 
examination. The most successful field 
is for heavy sections, particularly where 
there are sharp variations in thickness. 

X-Ray Exposure Factors 

The successful exposure of a radio- 
graphic film is a function of several 
factors, some of which have already 
been pointed out. These are: 

(a) Wave length (tube voltage). 

( b ) Intensity (milliampere setting). 

(c) Source-to-film distance. 

( d ) Thickness of the material. 

(e ) Density of the material. 

(/) Size of the source (focal spot). 

( g ) Time of exposure. 

( h ) Type of film. 

(») Type of screen. 

It is necessary to control and adjust 
these factors to obtain a combination 
which gives an X-ray beam of sufficient 
intensity and absorption characteristics 
to properly expose the film. Some of 
these factors are directly controlled by 
adjustment of the X-ray tube current, 
the X-ray source to film distance and the 
time of exposure. The voltage, the 
current and the time of exposure are all 
directly proportional to the total X-ray 
beam energy. That is, an increase in 
any one or all of these three factors will 
increase the X-ray energy accordingly. 
The X-ray energy will also vary inversely 
as the square of the X-ray source to 
film distance. That is, as this distance 
increases the X-ray beam intensity will 
decrease very rapidly. 

The best technique, then, is the one 
which combines all of these factors so 
that a film having the highest definition 
is obtained. This does not necessarily 
mean the use of the highest voltage, the 
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shortest time, etc., blit is best determined 
by trial exposures. 

X-ray Films 

The emulsion used for X-ray films is 
different from that used on other photo¬ 
graphic film. There are a number of 
types of film available for industrial 
radiography to meet the different con¬ 
ditions encountered. These films are 
generally classified according to the 
emulsion grain size and according to the 


emulsion was only moderately sensitive 
to a blue-green fluorescent light given 
off by calcium tungstate when irradiated 
by X-rays. This material, when used as 
intensifying screens, results in a very fast 
exposure with very high contrast. The 
light from the intensifying screen diffuses 
within the active layer of the screen, and 
while films exposed with this technique 
have a high image contrast, the definition 
or outline of images is relatively poor. 
The type of film used with these screens 



Fig. 50.—2000 KVP X-Ray Machine 


type of intensifying screen with which 
they are to be used. 

In general, there is a relationship be¬ 
tween the speed of the film (length of 
exposure time required) and its grain¬ 
iness ; the faster the film, the more grainy 
it becomes. Likewise, for a given film, 
the higher the voltage, that is, the shorter 
the X-ray wave length, the more grainy 
the film after development. 

Early medical and industrial radiog¬ 
raphy employed X-ray films whose 


is also more sensitive to direct exposure 
from soft, that is, long wave length radia¬ 
tion than to hard, penetrating rays. As a 
result, when heavier sections are being 
radiographed scattered radiation, which 
is of longer wave length than the primary 
beam, is recorded on the film and results 
in loss of detail and contrast. It is usee 
satisfactorily for radiographs of welds. 
However, it is the general opinion today 
that for most work the type of film which 
is more sensitive to direct exposure by 
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rays and known as no-screen or direct ex¬ 
posure type film gives improved results. 
However, the extent to which flo-screen 
film may be applied practically depends 
upon the type of X-ray equipment avail¬ 
able and the voltages of operation; the 
shape and thickness of the weld being ex¬ 
amined ; and geometric considerations 
such as film distance, weld location, etc. 

The no-screen type film has the dis¬ 
advantage of being slower than regular- 
screen film. It must be used at higher 
voltage ranges and unless the X-ray 
equipment available has a sufficient voltage 
range to accomodate it, the practical 
application of this type of film to all 
work may prove difficult. 

Density of Exposure of Radiographs 

When X-rays or gamma rays penetrate 
an object and reach the film they form a 
shadow image on the film. This image 
appears first because the differential ab¬ 
sorption of the radiation by the object 
allows different intensities to reach it; 
second, when this radiation strikes the 
film it causes a physical change to take 
place in the film emulsion. The degree or 
amount of this change is a function 
of the amount of radiation absorbed by 
the emulsion. This in turn depends upon 
the amount of radiation striking the 
film, its wave length, and the character¬ 
istics of the emulsion. The incident radi¬ 
ation is proportional to the time of expos¬ 
ure and the current through the X-ray 
tube, that is to the product of the exposure 
time and the current through the tube. 
This product gives the exposure. When 
the film is processed the areas of the film 
at which the emulsion has undergone phys¬ 
ical changes due to the radiation exposure 
turn black, the density of these blackened 
regions being in direct relationship to the 
exposure. 

The relationship of exposure and film 
density is used to plot what is known, 
for each type of film, as the characteristic 
film curve. This curve is a function of 
the relationship between the film density 
and exposure. The negative density is 
defined as a function of the opacity, which 
in turn is defined as the ratio of the 
light incident upon the negative to that 
passing through it. Density values thus 
determined are expressed in H and D 
units (after Huerter and Driffield who 
originated the characteristic curve). 


Density values for different images in 
a photographic negative may run from 
0.1 to 3.0 H and D, 0.1 being too faint 
for easy detection and 3.0 being opaque 
to a moderately bright light, but trans¬ 
parent to very strong light. 

In practice, densities are determined 
usually by direct comparison with nega¬ 
tives of known density. They may be de¬ 
termined by photometric measurements of 
the incident and transmitted radiation. 
Negatives of measured density are used 
by inspectors in estimating the density 
of radiographic inspection negatives. 
Here the comparison is visual, precise 
values not being required. It may be 
noted that since X-ray intensities are not 
measured directly but are expressed in 
terms of milliainpere-seconds or milli- 
ampere-minutes, the characteristic, or 
Huerter and Driffield curve is based upon 
arbitrary units and indicates relative 
values only. This fact does not, however, 
detract from its usefulness since the 
arbitrary units are well established. 

Geometric Factors 

The sharpness or detail of the image 
of a defect as it appears on the radiograph 
is important because the eye detects an 
image of low contrast more readily if 
it is sharply defined. The sharpness of 
the image, while influenced by other 
factors, is greatly dependent upon the 
geometrical relationship of the size of 
the focal spot, the distance from focal 
spot to defect and from the defect to the 
film. The image sharpness is seen to 
improve (1) by use of a very fine focal 
spot; (2) by having the film as close to 
the weld as possible; and (3) by using 
a dlt ratio equal to a minimum of 20. 
where d is the distance from the focal 
spot to the tube side of the object, and t 
is the distance from the tube side of the 
subject to the film. 

The plane of the defect and its relation¬ 
ship to the direction of the X-ray beam 
has an important effect upon radiographic 
results. For examnle. a fine crack whose 
faces are not parallel to the X-ray beam 
may produce a very faint image on the 
film because of the low absorption of the 
X-ray beam in the particular direction. 
If the defect is so located in the area 
under examination that its image is pro¬ 
duced on the ends of the film, this image 
will be enlarged to a degree where it may 
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pay to take a more direct exposure. It is 
good practice not to expose too great a 
distance on one film. 

Scattered and Secondary Radiation 

Whenever X-rays strike any object they 
set up other X-rays from the object 
which are undirected, and scatter in every 
direction about the object. The film must 
be protected during exposure from this 
radiation. Since it can only reach the 
film from the back or edges, lead backing 
on the cassette will protect the film with¬ 
out influencing its exposure. 

When X-rays penetrate an object they 
set up within the object itself a secondary 
radiation which, while longer in wave 
length, is just as effective in exposing 
the film as the primary rays. This radia¬ 
tion, however, is different from the 
primary radiation in that it is undirected 
and if allowed to reach the film it pro¬ 
duces a hazy background which reduces 
film detail and contrast of the image. 

This effect is not particularly evident 
until the weld thickness becomes greater 
than IV 2 in., and then it depends upon 
the technique employed. Several practical 
methods are available to reduce the effect 
of internal secondary radiation on the 
image. One is to employ a grid of lead 
strips between the weld and the film. The 
openings in this grid allow the primary 
or directed radiation to reach the film but 
at the same time block off the undirected 
secondary radiation. This device is known 
as a Ducky grid. Another method is to 
employ solid lead filters between the weld 
and the film. The filter is thick enough 
to absorb the undirected secondary but 
at the same time permit a reasonable 
percentage of the primary radiation to 
reach the film. The use of direct-exposure 
film in conjunction with lead filters is 
most effective. These films are not par¬ 
ticularly sensitive to the longer wave 
length secondary radiation and conse¬ 
quently its effect is correspondingly de¬ 
creased. Greater detail results and it is 
possible to obtain very high definition on 
films of heavy welds. 

X-ray Protection 

Any body tissues, if overexposed to 
radiation from X-ray machines or gamma- 
ray capsules, will be injured. Small 
amounts of exposure from day to day 
with insufficient recovery periods are 
cumulative and eventually may cause 


serious results. It has been shown, how¬ 
ever, that the body can stand a certain 
daily tolerance dose, but precautions 
should be taken to avoid unnecessary ex¬ 
posure. Various methods such as r 
meters, film exposures, etc., are used as a 
check of stray radiation. (For more com¬ 
plete information on X-ray protection the 
American Standard Safety Code for the 
Industrial Use of X-Rays may be con¬ 
sulted.) 

MECHANICAL TESTING 

The mechanical inspection of welds is 
divided into two general classes, proof 
testing and destructive testing. 

Proof Testing 

Proof testing consists of applying a load 
or pressure equal to or exceeding that 
expected in service, but not great enough 
to cause damage to acceptable products. 
If tightness is the only consideration in 
the test, a pressure equal to the working 
pressure may be used. If the test is to 
determine strength or safety, the test pres¬ 
sure usually exceeds the working pres¬ 
sure. Experience shows that a vessel or 
other weldment that withstands a certain 
test pressure might fail later at the same 
or a slightly lower pressure. On the other 
hand failure is very unlikely at two-thirds 
of the test pressure unless there is some 
concentration of stress, as for example, 
a notch or defective weld, which might 
cause fatigue failure under repeated 
stresses. 

The proof test force or pressure re¬ 
quired to reveal defects that might later 
cause failure in service is a matter of 
judgment and experience. Its value is 
usually given in the specification or code 
governing the work. Many pressure ves¬ 
sels are hammer tested at P/a. times the 
working pressure, and this is followed by 
a load test to twice the working pressure. 
Pipe fittings are often tested to P/a times 
the working pressure. The proof test 
pressure for pipe varies with its size, 
grade and wall thickness. Usually no 
assembly should be proof tested at more 
than the lowest test pressure specified 
for any of its parts. Thus, the specifi¬ 
cation test pressure for a valve or ex¬ 
pansion joint may limit the proof test 

pressure of a pipe line. 

To avoid damage to the weldment, the 
proof test should not develop primary 
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stresses in any part exceeding the yield 
point. To allow for uncertainties in en¬ 
gineering calculations, it is a good plan to 
limit proof tests to 75% of the calculated 
yield point. Secondary stresses, and the 
combination of residual stress with the 
proof stress may cause local yielding 
without damage. In fact, a proof test 
may act as a stress relief operation to a 
limited extent so that weldments may have 
their factor of safety under shock or low- 
temperature stress actually improved by 
the stress relief resulting from proof test¬ 
ing. 

Proof tests may not always reveal de¬ 
fects that might later cause failure. This 
applies particularly to stress raisers, like 
incomplete fusion at the root, under fa¬ 
tigue conditions or shock. It is quite 
possible under such circumstances for 
cracking under fatigue to occur later un¬ 
der the repeated application of a stress 
much lower than the test stress. Other 
methods such as radiographic inspection, 
etch tests or fracture tests must be used 
to avoid such defects. 

Frequently, tightness is important in 
welded construction. Leaks are dis¬ 
covered by observation, or by loss of pres¬ 
sure in a tightly-closed vessel or pipe line. 
Oil, particularly thin or hot oil, will fre¬ 
quently penetrate leaks that do not show 
up with water under an equal pressure. 
Air also will leak out where water will 
not, and hydrogen will leak out where 
air will not. 

When oil or water is used to apply the 
pressure, there is little difficulty in ob¬ 
serving the leak on the low pressure 
side of a butt weld, if it is clean. A lap 
joint presents the problem that both the 
inner and outer fillet welds may con¬ 
tain small leaks, in which case oil or water 
may not show up on the low pressure 
side for several days or perhaps weeks. 
Sometimes the inner weld is made inter¬ 
mittent or holes are drilled in the inner 
lap to apply the full pressure to the outer 
weld so that leaks may be found at once. 
Sometimes a pressure is applied between 
the welds by drilling and tapping one weld. 
Air or gas pressure will usually reveal 
a leak at once. When the test is made 
with air or gas pressure, leaks may be de¬ 
tected by immersing the suspected area 
in water, covering it with liquid soap or 
using some chemical indicator that will 
respond to the gas under pressure. 

One of the best tests for tightness con¬ 


sists in observing the loss in pressure 
over a given time. If water or oil is used, 
and all air or gas eliminated from the 
vessel, the loss in pressure will be very 
rapid for a small leak. An ordinary 
pressure gage is satisfactory to indicate 
the pressure loss. It frequently happens 
that it is not convenient to use oil or water 
either because the structure will not bear 
the weight, or because it is difficult to 
entirely remove the liquid after the test 
or for some other reason. Further, as 
pointed out above, a gas may be used to 
reveal leaks that would not be found with 
a liquid. When compressed gas or air is 
used, the drop in pressure is comparatively 
slow. The duration of the test must be 
increased or the pressure, temperature 
and barometric pressure measured with 
increased accuracy. A dead-weight tester 
can be used to determine the pressure 
more accurately. Small laboratory weights 
are used in addition to the standard 
weights supplied with the instrument so 
as to secure an exact balance. Un¬ 
certainty in measuring the average tem¬ 
perature of the gas in the line may intro¬ 
duce an error somewhat greater than that 
encountered in measuring the pressure, 
but the sections of line can usually be 
accepted or rejected on the basis of read¬ 
ings taken one to three days apart. 

Destructive Testing 

Destructive testing, that is testing to 
failure, gives a numerical measure of the 
properties under consideration. For ex¬ 
ample, if two welding procedures are be¬ 
ing compared and both comply with the 
minimum requirements as shown by a 
proof test, a test to destruction may show 
that one is much superior to the other, 
and is to be preferred. Tests of standard 
laboratory specimens are usually carried 
to failure for this reason. 

Destructive testing sometimes reveals 
defects that might not have been dis¬ 
covered in a proof test, but are objection¬ 
able as stress raisers or notches. 

The obvious disadvantage of testing 
the entire weldment to destruction arises 
from the fact that the test can be applied 
to only a fraction of the number of weld¬ 
ments produced and the quality of the ones 
to be used must be inferred from the data 
relating to those destroyed. 

In any sampling procedure, there is 
always the possibility that the sample may 
be better or worse than the lot from which 
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it is taken. This might result in accept¬ 
ing some lots that were below standard 
and rejecting others that were acceptable. 
However, there are some products which, 
by their nature, can only be evaluated by 
destructive tests and in such cases a sam¬ 
pling procedure must be adopted. Proper 
weight must be given to the penalty for 
an incorrect decision. If considerable 
damage might result from accepting a 
lot that should be rejected, a large sample 
and high standard of acceptance are re¬ 
quired, while if little damage may be ex¬ 
pected and stricter production controls 
are used smaller samples may be taken. 
Where the unit product cost is low and 
the parts are fairly small, destructive 
testing of samples selected from produc¬ 
tion lots may be more economical and may 
be more revealing than nondestructive ex¬ 
amination. ( See Chapter 44 for informa¬ 
tion on statistical control of weld quality.) 

Resistance welded parts are frequently 
tested by selection of production parts 
which are tested to destruction. The test¬ 
ing procedure must be adapted to the par 
ticular work. Frequently strength tests 
can be made on the finished articles. At 
other times bend or deformation tests will 
reveal defects. The etch test can be used 


in almost all cases to reveal lack of sound¬ 
ness and Rockwell or similar tests for 
determining hardness. 

For spot welding of sheet metal, the 
tension-shear test specimen shown in Fig. 
51 or the peel test specimen shown in 
Fig. 52 may be used. In either case two 
metal strips of the kind and thickness used 
in production are welded under produc¬ 
tion conditions and tested to destruction. 
The tension-shear test will reveal the 
strength of the weld, the peel test will 
enable visual examination of the weld for 
soundness. A similar test for seam welds 
is the pillow test for which the specimen 
is shown in Fig. 53. 

When standard test specimens may be 
prepared from a weld test specimen, or 
from a part taken from regular produc¬ 
tion. the Standard Methods for Mechani¬ 
cal Testing of Welds of the American 
Welding Society presents the accepted 
testing methods for many of the codes. 
Even when not mandatory, it represents 
good practice. 

Sometimes a certain small percentage 
of welded parts is selected from a lot 
for destructive testing. Usually, the de¬ 
structive force is applied so as to simulate 
service conditions. Vessels or tubing in- 
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Fig. 51.—Tension-Shear Test Specimen 
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Fig. 52.—Peel Test 

Step 1, Grip in vise or other suitable device. 
Step 2, Bend specimen. Step 3, Peel pieces 
apart with pincers or other suitable tool. 

tended to resist internal pressure are 
tested to destruction with hydrostatic 
pressure. All air is usually allowed to 
escape from all high points because the 
energy stored in compressed air (if 
trapped during the test) might result in 
a destructive explosion. If objects are 
tested with air or any other gas under 
high pressure, a disruptive explosion may 
result and adequate safeguards should be 
employed. Usually 15 psi. is considered 
the maximum safe air or gas pressure 
to be used in a small or medium-sized 
vessel without guards around the vessel, 
but a large tank failing at 15 psi. may do 
considerable damage unless precautions 
are taken to avoid personal injury or 
property damage. 

The number of specimens selected for 


destructive test should be given careful 
study. Applying the principles of sc- 
(juential sampling will usually result in 
a saving. A small sample is tested and if 
they are all excellent, the lot may be 
accepted. If all fail, the lot may be re¬ 
jected. If the performance is near the 
border line of acceptability, a second 
larger sample is tested, and this procedure 
continued until there is enough evidence 
to justify acceptance or rejection. 

OTHER INSPECTION METHODS 

Sampling by Trepanning and Similar 

Methods 

In the trepanning method of sampling 
a small ring-shaped sample is removed 
with a hole saw or trepanning tool, or a 
boat-shaped specimen removed with a 
special machine using a hemispherical 
saw. The trepanned specimen is used for 
etch tests. The boat-shaped specimen may 
be used to make impact tests, miniature 
tension tests or etch tests. While it is 
usually necessary to repair the opening 
by welding, this procedure is classed as 
a nop-destructive test. 

The principal advantages of this method 
are that relatively inexpensive equipment 
is required, it can be performed without 
special training, the overall cost is moder- 



DRILL HOLE IN ONE PLATE 
AND ARC-WELD OR SILVER 
SOLDER STD. PIPE NIPPLE 
CENTRALLY OVER HOLE 



Fig. 53.—Pillow Tost Specimen 
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ate and a definite spot check on the sound¬ 
ness of welds is assured. Like all spot 
checking or sampling methods it is use¬ 
ful in controlling the probable average 
quality, rather than in screening out de¬ 
fective work after the job is finished. 

Sectioning as a method of inspection is 
accepted by several of the leading codes, 
including the AWS Standard Rules for 
Field Welding of Steel Storage Tanks, 
the AWWA Standard Specifications for 
Elevated Steel Water Tanks, Standpipes 
and Reservoirs, the API Specifications for 
sIll-Welded Oil Storage Tanks and the 
ASME Code for Unfired Pressure 
Vessels. These publications designate the 
number and size of specimens, the sound¬ 
ness required for acceptance and the 
methods of repairing the cut. 

Sectioning provides an excellent and 
relatively inexpensive method of quality 
control in welding. 

Use o£ the Stethoscope 

Some years ago, the stethoscope was 
used in searching for defects in welds. 
The instrument was placed on the plate 


near the weld to be investigated and the 
work tapped lightly with a hammer. A 
cracked weld gives out a sound that is 
easily recognized. There is a good deal 
of difference of opinion as to the ability 
of the average inspector to detect border¬ 
line porosity or poor fusion. The method 
is not generally included in recognized 
codes at the present time. 

Supersonic Testing 

In this method a wave of the same 
nature as a sound wave but of a higher 
pitch is propagated in the metal object. 
The wave is reflected, at least partially, 
by any void or discontinuity. Frequently 
a cathode-ray oscilloscope is used to ana¬ 
lyze the phase relation of the propagated 
and reflected waves. The distance from 
the surface to the defect can be measured 
on the screen. 

This apparatus will show a defect in 
a large forging, lamination in a plate 
or variations in plate thickness. Its use 
to detect borderline porosity and inade¬ 
quate fusion in welds is still under de¬ 
velopment. 
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CHAPTER 43 


THERMAL AND MECHANICAL 
TREATMENTS OF WELDMENTS* 


INTRODUCTION 

The expanding application of welding 
in engineering structures and its use in 
fabricating the many types of alloys 
needed by modern industry have increased 
the number and complexity of treatments 
used to insure satisfactory weldments. 
The rapid growth of welding has not been 
fully matched by increase in knowledge 
and understanding of possible thermal 
and mechanical treatments of weldments, 
and of their benefits and limitations. 
Fortunately, the majority of weldments 
are structures which do not require any 
treatment. Unfortunately, the transition 
to the need of some treatment is often 
not definite or well marked, and so the 
treatments used for many weldments are 
a result of trial and error. This in 
turn often poses the alternatives of sub¬ 
jecting a weldment to an unnecessary and 
expensive treatment or running a risk of 
losing it during fabrication, or worse 
still of having it fail in service. 

Various construction codes as well as 
insurance companies and purchasers’ 
specifications generally set up minimum 
treatment requirements where safety is 
a consideration. It should be remembered 
and he impressed on the minds of cost- 
conscious fabricating personnel that usu¬ 
ally these requirements are the minimum 
compatible with safety and that the 
fabricator has a responsibilit}' to meet 
them fully or even exceed them. On the 
other hand, some of the code require¬ 
ments are based on an improper under¬ 
standing of the phenomena involved and 
the requirements imposed are of doubtful 

* Prepared by a committee consisting of G. S. 
Mikhalapov, Consulting Engineer, Chairman; 
W. B. Bunn, M. W. Kellogg Co.; E. C. Chap 
man, Combustion Engineering Co.; E Paul De 
Garmo, University of California; T. M. Jack- 
son, Sun Shipbuilding & Drvdock Corp. 


benefit. The safest and, in the long run, 
the best policy for the design and fabrica¬ 
tion of weldments is not to rely blindly 
on code requirements and on the present 
imperfect knowledge of the subject but 
to attempt as much as economically pos¬ 
sible to find out by adequate tests and ex¬ 
periments the need and benefits of treat¬ 
ments for the specific weldments in ques¬ 
tion. 

In general, this chapter attempts to 
cover only treatments applied to the 
welded joint or found necessary because 
of the weld. For example, the shot 
peening of a flash-welded shaft in an 
area remote from the joint to increase 
its fatigue resistance in cyclic operation 
is not considered since such treatment, 
used to produce desired properties in 
non-welded structures, is generally well 
covered in works classified under their 
respective arts and sciences. Also, the 
complexity of the questions that may 
arise in the treatment of weldments pro¬ 
hibits the inclusion in this chapter of 
other than the fundamentals involved, to¬ 
gether with specific information on the 
more important or widely used thermal 
and mechanical treatments. Chapter 3. 
Fundamentals of Welding Metallurgy, 
provides the necessary information rela¬ 
tive to the metallurgical theory involved 
in the various thermal treatments covered 
by this chapter. 

Just as a language is necessary to 
communicate thought, so is a common 
use of terms necessary to discuss methods 
of treating weldments. The correct use 
of accepted terms can do much to avoic 
errors. The definitions given below, ex¬ 
cept the parts enclosed in brackets, are 
taken from the ASM Metals Handbook, 
1948. Other terms used herein conform 
to the standard terminology of the Ameri- 
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can Welding Society as shown in Chapter 
1 . 


Glossary of Terms (Especially as Re¬ 
lated to Ferrous Alloys) 

Aging. —In a metal or alloy, a change 
in properties that generally occurs slowly 
at atmospheric temperature and more 
rapidly at higher temperatures. 

Annealing. —A process involving heat¬ 
ing and cooling, usually applied to induce 
softening. The term also refers to treat¬ 
ment intended to alter mechanical or 
physical properties, produce a definite 
microstructure, or to remove gases. . . 
When applied to ferrous alloys, the term 
annealing, without qualification, implies 
full annealing. Any process of annealing 
will usually reduce stresses, but it the 
treatment is applied for the sole purpose 
of such relief it should be designated as 
stress relief. 

Full Annealing. —A softening process 
in which a ferrous alloy is heated to a 
temperature above the transformation 
range and, after being held for a sufficient 
time at this temperature, is cooled slowly 
to a temperature below the transforma¬ 
tion range. The alloy is ordinarily 
allowed to cool slowly in the furnace, 
although it may he removed and cooled 
in some medium that insures a slow rate 
of cooling. 

Homogenizing. —A process of heat 
treatment at high temperature intended 
to eliminate or decrease chemical segrega¬ 
tion by diffusion. 

Modulus of Flasficity. —The slope ol 
the elastic portion of the stress-strain 
curve in mechanical testing. The stre>> 
is divided by the unit elongation. I he 
tensile or compressive elastic modulus 
is called Young’s modulus; the torsional 
elastic modulus is known as the shear 
modulus or modulus of rigidity. 

Normalising. —A process in which a 
ferrous alloy is heated to a suitable tem¬ 
perature above the transformation range 
and is subsequently cooled in still air at 
room temperature. 

Precipitation Hardening. —A process of 
hardening an alloy in which a constituent 
precipitates from a supersaturated solid 
solution. 

Quenching. —A process of rapid cooling 
trom an elevated temperature by contact 
"ith liquids, gases or solids. 

Solution Heat Treatment. —A process 


in which an alloy is heated to a suitable 
temperature, is held at this temperature 
long enough to allow a certain constituent 
t<> enter into solid solution and is then 
cooled rapidly to hold the constituent in 
solution. The metal is left in a super¬ 
saturated. unstable state and may sub¬ 
sequently exhibit age hardening. 

Stabilizing Anneal. —A treatment ap¬ 
plied to austenitic stainless steels that 
contain titanium or columbium. This 
treatment consists of heating to a tem¬ 
perature below that of a full anneal in 
order to precipitate the maximum amount 
of carbon as titanium carbide or colum¬ 
bium carbide. This eliminates precipita¬ 
tion at lower temperatures which might 
reduce the resistance of the steel to 
corrosion. 

Stabilizing Treatment. —A thermal 
treatment designed to precipitate material 
from solid solution, in order to improve 
the workability, to decrease the tendency 
of certain alloys to age harden at room 
temperature, or to obtain dimensional 
stability under service at slightly ele¬ 
vated temperatures. 

Strain. — Deformation [resulting from 
stress] expressed as a pure number or 
ratio. [In uniaxial tension the change in 
length divided by original length.] 

Stress. — The load per unit of area. 
Ordinarily stress-strain curves do not 
show the true stress (load divided by 
area at that moment) but a fictitious 
value obtained by using always the origi¬ 
nal area. 

Tempering (Drawing). —A process of 
reheating quench-hardened or normalized 
steel to a temperature below the trans¬ 
formation range, and then cooling at any 
rate desired. 

Tensile Strength. —The value obtained 
by dividing the maximum load observed 
during tensile straining by the specimen 
cross-sectional area before straining. 
Also called ultimate strength. 

Yield Strength. —The stress at which a 
material exhibits a specified limiting de¬ 
viation from proportionality of stress to 
strain. An offset of 0.2% is used for 
many metals such as aluminum-base and 
magnesium-base alloys, while 0.5% total 
elongation under load is frequently used 
for copper alloys. 

) icld Point. —In mild or medium-car¬ 
bon steel, the stress at which a marked 
increase in deformation occurs without 
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increase in load. In other steels and in 
nonferrous metals this phenomenon is 
not observed. 

REASONS FOR THERMAL AND 
MECHANICAL TREATMENTS OF 

WELDMENTS 

General 

The basic purpose of welding is to join 
permanently a number of component parts 
into a single unit. The basic requirement 
of welding is to produce a joint which 
will enable full utilization of the proper¬ 
ties of the component parts in service. 
This means first of all that the weld 
itself must be sufficiently strong to permit 
the component parts to carry the maxi¬ 
mum loads they are required to carry. It 
also means that the component parts must 
not be weakened by the weld in any way 
which would decrease their original load¬ 
carrying capacity. A weakening may 
he produced in a number of ways, such as 
reduction of the original cross-section 
(undercutting) ; introduction of a sharp 
concentration of stress, as would occur 
at an excessively heavy fillet weld or at 
a heavy butt weld reinforcement; or a 
change in the structural or corrosion- 
resistant properties, which frequently oc¬ 
curs in the zones of the component parts 
affected by the heat of welding. 

A secondary requirement of welding is 
to produce a joint capable of successfully 
undergoing whatever additional fabricat¬ 
ing operations may be necessary. Thus, 
a welded joint must be machinable, and 
it must be dimensionally stable during 
machining. 

As explained elsewhere in this Hand¬ 
book, adherence to proper welding tech¬ 
niques and procedures will produce welds 
which will satisfy requirements in all 
cases. Under certain conditions however, 
satisfactory weldments cannot be pro¬ 
duced without including some form of 
preweld or postweld treatment, which 
may be thermal or mechanical, in the 
welding procedure. 

In general it can be said therefore that 
the basic purpose of thermal or mechani¬ 
cal treatment of weldments is to improve 
their performance either during fabrica¬ 
tion or in subsequent service, above and 
beyond that which can be accomplished 
with proper operational skill, methods 
and joint designs. 


The improvement of performance dur¬ 
ing fabrication consists of reduction and 
control of distortion during welding, im¬ 
provement of dimensional stability during 
machining and improvement of machina- 
bility. 

The improvements in service properties 
by thermal or mechanical treatment con¬ 
sist in the reduction of the notch effect 
produced by abrupt changes in hardness 
or other metallurgical discontinuities in 
or around the weld, complete or partial 
restoration of original structural and 
corrosion-resistant properties of compo¬ 
nent members in the heat-affected zone 
and possibly reduction of residual stresses 
in and around the weld. Occasionally 
improvement of the mechanical properties 
of the weld metal itself may also be ob¬ 
tained. 

Improvement of Performance During 

Fabrication 

Improvement of performance during 
fabrication actually begins with improve¬ 
ment in the factors affecting the ease 
of successful deposition of sound weld 
metal, that is weldability, of the joint. 
However the factors affecting weldability 
of different materials and joints are so 
interdependent that they are best treated 
together and for this reason thermal and 
mechanical treatments primarily intended 
to eliminate or reduce cracking of the 
weld metal or heat-affected zone are dis¬ 
cussed further in Chapter 3 dealing with 
welding metallurgy' and those chapters 
relating to specific metals. In general, 
preheating of the joints or of the entire 
structure to be welded is a common prac¬ 
tice for reducing the tendency to cracking 
exhibited by some materials and weld¬ 
ments during or immediately after weld¬ 
ing. The extent and degree of preheating 
varies from as low as room temperature 
(70°F. in case of welding outdoors in 
winter) to as high as 600°F. in case of 
some highly hardenable steels, depending 
on many closely allied factors such as 
hardenability of base and weld metal, 
their ductility as a function of tempera¬ 
ture, rigidity and degree of restraint o 
the joint and many others. 

In general the ensuing discussion deals 
with improvement of the performance o 
completed welded joints when subjected 
to such subsequent operations as forming, 
bending and machining. It also deals 
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with prevention and control of distortion 
produced by welding. 

Control of Distortion .—Structural dis¬ 
tortion in one form or another is incident 
to all forms of welding, and it improperly 
controlled may be sufficiently severe to 
render the weldment nearly useless. It 
is caused by two factors: the thermal 
contraction or shrinkage of the weld 
metal on cooling from molten to atmos¬ 
pheric temperature and the differential 
expansion and contraction of the metal 
adjacent to and affected by the heat of 
the weld. 

The volumetric change in dimensions 
of carbon steel from its melting tempera¬ 
ture to atmospheric temperature is ap¬ 
proximately 6.8%, which means that a 
cube of molten metal would contract ap¬ 
proximately 2.2%, in each of its three di¬ 
mensions. However, in a welded joint the 
molten metal on solidifying becomes at¬ 
tached to the parts being joined and is 
therefore restrained by them from con¬ 
tracting freely in at least one and some¬ 
times two dimensions. Since the volu¬ 
metric dimension of any metal at any 
one temperature can vary only within 
its elastic limit and since the maximum 
elastic movement of steel is approxi¬ 
mately only one-tenth of the total re¬ 
quisite thermal contraction, the weld 
metal will How plastically and triaxially 
effecting most of the recpiisite volumetric 
contraction along the axis or axes of 
least resistance. In doing this it will 
exert considerable force on the parts be¬ 
ing joined. 

I he degree of resistance of the parts 
to these forces will determine the degree 
of distortion of the structure and the ex¬ 
tent of plastic flow in the weld metal. 
In general the greater the distortion and 


movement of the parts being joined, the 
smaller the plastic flow or strain in the 
weld metal and vice versa, the less dis¬ 
tortion and movement of the parts the 
greater the strain in the weld metal. 
Excessive strain in the weld metal gen¬ 
erally results in cracking at some point 
during the cooling cycle and thus the 
two opposite pitfalls of welding appear 
to be weld cracking and excessive distor¬ 
tion. The theoretical analysis of the 
shrinkage phenomenon is complicated by 
the fact that in metals undergoing phase 
transformation such as all ferritic steels, 
additional volumetric changes occur dur¬ 
ing transformation and that in all metals 
the properties such as coefficient of ex¬ 
pansion, elastic limit, yield strength and 
modulus of elasticity are functions of the 
temperature (see Table 1). 

In addition to the distortional forces 
exerted by the cooling weld metal on the 
parts being joined, the parts themselves 
will tend to become distorted as the re¬ 
sult of localized heating produced by the 
welding operation. It must be remem¬ 
bered that in practically all forms of 
welding, temperature differences and 
gradients exist sufficiently severe to cause 
plastic flow in regions adjacent to the 
weld both on heating and cooling. Un¬ 
fortunately, these volumetric changes are 
not equal and opposite on contraction 
and expansion, the heated portion tend¬ 
ing to become upset, or shorter and 
thicker on heating and cooling than the 
relatively cool remainder of the weld¬ 
ment. 

Figure 1 shows a very simple case of 
upsetting. Theoretically a temperature 
difference of less than 200 °E. is necessary 
between a and b to cause plastic up¬ 
setting. In most forms of welding the 
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Table 1 —Mechanical Properties of Mild Stool at Elevated Temperatures 

Ultimate Strength, 
Psi. 

Yield Point, 
Psi. 

Elastic Limit, 
Psi. 

Modulus of Elongation Reduction 

Elasticity, Psi. in 2 in., % of Area, % 

54,000 
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36.000 

30,700,000 
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Fig. 1.—Dimensional Changes Due to Tem¬ 
perature Differential 

Dotted lines show original size. 

heat is applied sufficiently rapidly to 
produce, even under most favorable weld¬ 
ing conditions, a temperature gradient 
sharp enough to produce considerable up¬ 
setting. 

The important factors governing 
amount of upsetting and hence distor¬ 
tion are (a) the resistance of the struc¬ 
ture to the free expansion of the weld 
volume; (b) the temperature gradient 
which in turn is determined by the rate 
at which heat is applied and the rate at 
which it is conducted away from its 
point of application; ( c ) the coefficient 
of expansion of the metal, which deter¬ 
mines the total amount of plastic move¬ 
ment; and ( d ) the yield strengths of 
the base and weld metal, which limit the 
residual forces which can exist within the 
structure. 


Distortion of a weldment is further 
aggravated by the fact that the geometry 
of most weld joints tends to cause an 
angular movement between the parts be¬ 
ing joined as illustrated in Fig. 2. 

From Fig. 2 ( b ) it can be seen that 
the geometry of cross-section of most 
common welds is responsible for some 
angular movement. Since the measure¬ 
ment at the root is very much shorter 
than at the top, the total shrinkage is 
much less. This difference in total 
shrinkage between top and bottom can 
only be observed by angular change. 

Figure 2 ( c ) shows the mechanics of 
layer-by-layer deposit. Each successive 
layer must shrink pulling the plates 
about the previous deposit as a hinge. 

In general three basic methods of 
minimizing distortion are widely used. 
One is to stretch the weld metal imme¬ 
diately after it is deposited, and prefer¬ 
ably while it is still hot, by a series of 
hammer blows or peening. The second 
is to distribute and balance the forces 
and stresses produced by weld shrinkage 
and upsetting, by special welding tech¬ 
niques and sequences while the third is 
to forcibly restrain the parts being joined 





Fig. 2.—Angular Distortion and Shrinkage 
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from distortion and movement during 
welding by means of suitable jigs and 
fixtures. 

All three methods attempt to increase 
the plastic flow or strain of the weld 
metal on cooling and for this reason all 
are subject to the same limitation of 
cracking of the weld metal if carried too 
far. 

Peening, since it actually aids plastic 
flow by application of external compres¬ 
sive forces normal to the plane of maxi¬ 
mum tensile stress, can probably accom¬ 
plish the most weld straining without 
cracking. Unfortunately the effective 
depth of a surface blow is quite shallow 
and peening is most effective in relativelv 

«r 

thin weld heads not over Vto-in. thick. 

Forcible restraint of the parts being 
welded, whenever possible, is the next 
most effective way of controlling and 
actually reducing distortion. It must he 
remembered however that, in general, 
the greater the restraint the greater the 
magnitude of stresses during welding, par¬ 
ticularly the transverse stress, hence the 
greater the tendency to cracking. 

Unfortunately many structures either 
because of their size or geometry, cannot 
he effectively restrained, and for many 
others the necessary jigs and fixtures 
arc not economically practical. 

1 lie use of special welding sequences 
and procedures is usually the easiest and 
simplest method for controlling distor¬ 
tion and should always he tried before 
deciding on what additional steps may he 
necessary. In fact use of incorrect weld¬ 
ing sequences may produce distortion 
severe enough to defy all methods of 
correction. 

Again it must he remembered that a 
sequence or procedure intended to produce 
less distortion is not necessarily the one 
to produce less stress during welding hut 
may on the contrary produce welding 
stresses severe enough to crack the weld 
or even fracture parts being joined. In 
fact, such sequences do not attempt so 
much to reduce stresses during welding as 
to distribute and balance them in such a 
manner as to produce less movement or 
distortion of the parts. As will he shown 
1,1 the section on residual stresses, all 
welds over a certain minimum length dc- 
\elop longitudinal stresses up to the 
yield point of the weld or base metal 
used, which become locked up in the joint 
on its completion regardless of the se¬ 


quence or procedure used. Transverse 
stress however, that is stress across the 
weld, can he frequently controlled by 
selection of proper welding sequence. 

Dimensional Stability on Machining .— 

As explained in greater detail in the 

section on residual stresses, all welds and 

adjacent areas contain a svstem of locked- 

• 

up tensile and compressive stresses bal¬ 
ancing each other. Maintaining dimen¬ 
sional stability during and following 
machining is essentially a matter of con¬ 
trolling the stresses released by the un¬ 
balancing of the system of stresses which 
may occur on machining of a weldment. 
The most effective insurance against di¬ 
mensional instability during machining is 
thermal stress relief. 

Neither the necessity of a treatment to 
induce satisfactory stability in any par¬ 
ticular weldment nor the degree of 
stability that will he attained by any 
given treatment in a particular weldment 
can easily he reduced to a formula. In 
addition to considering the degree of 
accuracy required in machining, there 
also must he considered the proximity 
of the machining to heavy welds; i e., 
whether machining will remove weld 
metal or base metal containing part of 
the locked-up system of stresses. Also 
the length of any machined surface sub¬ 
ject to rotational movement about the 
weld zone, is important. If many small 
units are involved, experimentation is 
generally superior to attempted logical 
prediction in determining the need for 
a treatment prior to machining. When 
a large single weldment is in question on 
which machining to close tolerances in 
the vicinity of heavy welds is required, 

it is safer and often less costlv to stress 

* 

relieve than to experiment. 

The degree of stability obtained by a 
thermal stress relief has been shown to 
he a function of the maximum tempera¬ 
ture and the time held at that temperature. 
In general short holding times at higher 
temperatures are much more effective in 
achieving machining stability than are 
longer times at lower temperatures. For 
example it has been demonstrated hv 
Stitt that heating for 2 hr. at 1000°F. is 
more effective than 18 hr. at 900°F. in the 
reduction of movement during machining 
in several low-alloy and carbon steels and 
also that movement in a test piece stress 
relieved at 1300°F. for 2 hr. was approxi¬ 
mately one-sixth of the movement of a 
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similar piece stress relieved at 1000°F. 
for the same length of time. Deflection 
following the 1300° F. treatment was 
approximately 5% of the deflection of 
the weldment machined in the as-welded 
condition. 

Stresses which can affect the dimen¬ 
sional stability of weldments during ma¬ 
chining may be introduced by the unequal 
cooling of various parts of a weldment, 
sometimes as a result of too rapid a cool¬ 
ing rate during stress relief. Another 
factor to be considered in the stability 
of weldments is the procedure followed in 
machining and the sequence of cuts made. 
If one side of a flat surface is finished 
prior to the rough machining of the 
opposite side, distortion will generally 
occur in the first surface machined. For 
extreme accuracy structures have been 
rough machined on all surfaces, then stress 
relieved to remove the cold worked sur¬ 
face resulting from this machining before 
making finishing cuts on any surface. 

Improvement of Machinability. —Ma- 
chinability may refer to tool life, the 
possible speed of a machining operation, 
the force or energy required in cutting, 
or the ease of obtaining a satisfactory 
finish. Many factors affect the machin¬ 
ability of a structure. Included among 
these are the composition, hardness, metal¬ 
lurgical structure and work-hardening 
characteristics of the material. Since both 
hardness and metallurgical structure are 
dependent upon composition and heat 
treatment, often much can be done to 
provide the machine shop with a weldment 
of improved machining qualities. 

Little difficulty is ordinarily encountered 
in the machining of low-carbon steel, 
either as-welded or in the stress-relieved 
condition. Sometimes, however, a surface 
tearing or drag is noted in the cut over 
a weld surface. This tendency can be 
reduced to some extent by the selection 
of a welding procedure producing a de¬ 
posit of somewhat greater hardness. 

Since the machining qualities of a mate¬ 
rial generally deteriorate as the Brinell 
hardness increases beyond 210 to 250, 
special treatments are often necessary to 
improve the machining properties of 
higher carbon steels and alloys. For¬ 
tunately these treatments, such as preheat¬ 
ing and postheating, are also desirable 
to avoid the possibility of cracking and 
to develop other serviceable properties. 


The machining of a structure in which 
the cut must include a weld can become 
a serious problem if certain requirements, 
such as a high surface quality, are speci¬ 
fied. It may be impossible to adjust the 
external variables under the control of 
the machinist, including cutting fluids, tool 
shape, feeds and speeds, to produce the 
desired surface if there is great variation 
in the properties of the weld, the plate 
and the heat-affected zone. For optimum 
machining the properties of the base metal 
should receive first consideration, and 
compromises which might result in in¬ 
creasing the difficulties of machining the 
base metal should be accepted reluctantly. 
One helpful solution is to redesign and 
eliminate welded joints in the surface to 
be finished, or to place welded joints in 
areas where finish is unimportant. An¬ 
other solution is to fully anneal or nor¬ 
malize and temper the weldment (depend¬ 
ing on the material involved) after select¬ 
ing the weld deposit which will most 
nearly match the base material in hard¬ 
ness after heat treatment. These treat¬ 
ments tend to eliminate the extreme 
difference in grain structure and hardness 
present in the as-welded and stress re¬ 
lieved heat-affected zones. 

Hardness of weld metal or base metal 
in some compositions can make machining 
impracticable. For the medium carbon 
and low-alloy groups of steels which do 
not have deep hardening properties, pre¬ 
heat and a high welding heat input 
through the use of large electrodes, and 
a slow rate of welding can be used to 
reduce the as-welded hardness by reducing 
the cooling rate of the weld and adjacent 
base metal. Materials of higher carbon 
content or with sufficient alloying constitu¬ 
ents will harden excessively regardless 
of the preheat since they have a critical 
cooling rate far slower than is possible 
to attain by welding. A. Edson has 
presented a chart which can be used to 
predict approximately the maximum hard¬ 
ness that will be developed in the base 
metal from its chemical composition (see 
Bibliography). 

Improvement of Performance in 

Service 

As explained in other chapters of this 
Handbook, proper design and preparation 
of the joint and selection of a proper 
welding procedure together with adequate 
operational skill will produce a sound 
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welded joint which to all outward ap¬ 
pearances and for most service require¬ 
ments cannot be distinguished from a 
homogeneous section such as would exist 
if the weldments were produced by the 
same process of casting, rolling or forging 
as its component parts. However, as 
explained in detail in Chapter 3, Funda¬ 
mentals of Welding Metallurgy, this is 
not strictly true of any welded joint in 
the as-welded condition, as it definitely 
differs in several ways from a homogene¬ 
ous section, though in most cases proper 
thermal treatment can usually reduce 
these differences to substantially zero. 
For certain service conditions the differ¬ 
ences may be significant and it then be¬ 
comes desirable to subject the weldments 
to a suitable thermal treatment. 

As mentioned before, the differences be¬ 
tween a completely homogeneous joint 
and a properly made welded joint consist 
of the different metallurgical structures 
of the component zones of the joint, and 
in the presence of a system of balanced 
stresses locked-up in the joint during 
welding. The significance of these differ¬ 
ences and the common reasons for their 
removal are as follows. 

Heat-Affected Zone .—In considering 
thermal effect of welding on the proper¬ 
ties of the component parts, the first 
thing to remember is that different metals 
are affected in different manners by the 
heating cycle of the weld. All metals 
can be divided into three types depending 
on their response to the heat of welding 
as follows : Ferritic steels such as plain 
carbon steels which undergo phase changes 
when subjected to heating and cooling; 
austenitic steels such as 18—8 stainless and 
in general all metals which are usually 
hardened by cold work ; and metals such 
as certain aluminum and magnesium alloys 
which are susceptible to solution and 
precipitation hardening. The effect of 
welding, as explained in Chapter 3, gen¬ 
erally is a hardened zone of greater tensile 
strength and lower ductility in the first 
type and a softened zone of lower tensile 
strength and greater ductility in the 
second. The response of the third type is 
less uniform in many cases being similar 
to that of the second type, while in others 
decrease in tensile strength is not accom¬ 
panied by increase in ductility. 

It is easy to understand the desirability 
of a treatment which will restore the 
original tensile strength of the precipita¬ 


tion hardened metal, in the areas adjacent 
to a weld. Restoration of properties 
originally obtained by cold work and 
lost through the annealing effect of weld¬ 
ing is also usually desired though less 
often attempted since mechanical working 
of a completed weldment is not as a rule 
practical except in the case of thin sheets 
where a degree of restoration can be ob¬ 
tained by peening or trip-hammering the 
heat-affected zone. 

The significance of the hardened zone 
next to the weld is not fully understood. 
It may be harmful, of little consequence 
or beneficial, depending on its metallurgi¬ 
cal structure and on the metallurgical 
structure of the rest of the joint. Prac¬ 
tically all steels are notch-sensitive below 
a certain temperature or above a certain 
strain rate. The mechanism of behavior 
of a notch-sensitive steel under stress is 
not too well known, but in practice such 
a steel exhibits a reluctance to flow plas¬ 
tically and absorbs energy in the presence 
of a notch or any other structural or 
even metallurgical discontinuity or stress 
raiser. Furthermore, if such a steel fails 
under load locally at a point of high 
stress concentration the resultant failure 
or cracking will propagate at high rates 
of speed through adjoining members until 
the metallic continuity of the steel through 
which it travels is interrupted (as at a 
geometric opening in the structure) or 
until it reaches a region stressed in com¬ 
pression. Therefore structures operating 
at temperatures at which their constituent 
steels become notch sensitive, may fail 
at average stress levels well below normal 
design values provided stress concentra¬ 
tions capable of starting a local crack are 
present. Although the most severe stress 
concentrations are usually caused by poor 
design geometry, other factors, such as 
weld cracks or abrupt changes in metal¬ 
lurgical properties have been known to 
produce a dangerous stress concentration 
capable of starting a failure under certain 
conditions of load and temperature. 

The temperature at which a steel be¬ 
comes notch sensitive varies greatly with 
its composition, its thickness and the 
rigidity of the structure which it forms. 
For instance austenitic chromium-nickel 
steels are notch-tough in all types of struc¬ 
tures and in all thicknesses at tempera¬ 
tures as low as that of liquid air. 

On the other hand, many carbon-steel 
plates and shapes are notch sensitive at 
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temperatures as high as + 100°F. and 
almost all are notch sensitive below 
+20 °F. 

The phenomenon of notch-sensitivity 
appears to be allied to the general tough¬ 
ness of steel or its ability to withstand im¬ 
pact or shock loading. Thus, steels having 
high transition temperatures will gen¬ 
erally shatter at comparatively low shock 
loading while steels having high shock 
resistance invariably have extremely low 
transition temperatures. Perhaps a better 
way to describe the difference between 
tough and notch-sensitive steels is that in 
tough steel failure always is preceded 
by considerable plastic deformation and 
is therefore confined to highly strained 
sections, whereas in notch-sensitive steel 
fracture may take place with little pre¬ 
ceding plastic deformation, or having 
started at an area of considerable plastic 
deformation progresses through plastically 
unstrained sections. 

This phenomenon has received much at¬ 
tention in the last few years and consider¬ 
able recent literature on this subject is 
available. 

It appears reasonably certain that the 
steep hardness gradient commonly found 
in the heat-affected zone of most ferritic 
steels acts similarly to a notch and for 
this reason its elimination or reduction 
is desirable. 

In notch-tough steels, such as many low- 
alloy steels, the presence of a hardened 
zone is of less importance, since decreased 
ductility of the heat-affected zone is usu¬ 
ally accompanied by increased yield and 
ultimate strengths which means that in 
case of stress transverse to the axis of 
a weld the softer material on each side 
of the hardened zone will deform and 
flow plastically before the zone is stressed 
beyond its yield point. There are of 
course, exceptional cases, particularly dur¬ 
ing fabrication, where as a result of sub¬ 
sequent fabricating operations the heat- 
affected zone of a welded joint may have 
to undergo appreciable deformation. For 
instance an alloy steel pressure vessel 
subjected to an internal pressure overload 
will usually expand and deform around 
the hardened areas adjacent to the welds 
without failure of the welds. However, if 
two butt-welded plates have to undergo 
severe bending along a line normal to the 
line of weld, the weld may fracture in 
the heat-affected zone due to its lower 
ductility. 


In addition to the hardened zone, many 
alloy steels, particularly those of the 
quench-and-draw type, develop a soft zone 
which, although usually quite ductile in 
the conventional sense of the word, may 
be relatively notch sensitive and may cause 
failure under certain conditions of tem¬ 
perature or high rate of loading even 
though the magnitude of the fracturing 
load is comparatively low. Short of re¬ 
quenching and redrawing the completed 
weldment, which is only practical for the 
most simple type of structure, little can 
be done after welding to improve the 
original properties of such softened zones. 
However, softening can be kept to a mini¬ 
mum by sharply limiting the rate of heat 
input into the weld, thus insuring rapid 
cooling. 

Recent investigations have established 
that all arc-welding electrodes having so- 
called cellulose-type coverings (e.g., 
E6010, E6011), used for welding mild and 
low-alloy steels, saturate the weld and 
the heat-affected zone with hydrogen. It 
has been also established that on medium 
and deep hardening steels this hydrogen 
saturation is at least partially responsible 
for underbead cracking during welding 
and as a result electrodes suitable for 
welding mild and low-alloy steel are now 
available with a lime or low hydrogen 
type covering (e.g., E6015 and E6016). 

There is also enough experimental evi¬ 
dence to justify a theory that hydrogen 
in the weld metal and the heat-affected 
zone increases notch sensitivity and that 
therefore any thermal treatment which 
tends to drive hydrogen out of the welded 
joint increases the notch toughness of the 
joint. Thermal stress relief at 1200°F. 
is very effective in driving out most of 
the hydrogen from the welded joint and 
this fact appears to be a further reason 
for subjecting weldments to thermal stress 
relief when they are intended for service 
demanding highest possible notch tough¬ 
ness. 

There is some evidence that low-hydro¬ 
gen electrodes, without preheat, produce 
joints which are nearly as notch tough as 
thermally stress-relieved joints made with 
cellulose-type covered electrodes, and that 
with 300 to 400 °F. preheat they produce 
joints superior to the thermally stress- 
relieved joints. 

As explained in detail in Chapter 31A 
all austenitic chromium-nickel steels con¬ 
taining more than 0.02% carbon become 
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susceptible to intergranular corrosion in 
the heat-affected zone after welding un¬ 
less stabilized with columbium or titanium. 
The susceptibility of unstabilized stainless 
steels to corrosion is in direct proportion 
to the carbon content and to the length of 
time the zone remains within a tempera¬ 
ture range of 800 to 1800°F. during weld¬ 
ing. However, for most commercial 
grades of stainless steel, in thin sections 
(Vs in. and less) the decrease in corrosion 
resistance produced by arc welding is 
slight and seldom warrants a subsequent 
thermal treatment. In any case the com¬ 
pleted weldments should be thermally 
treated where the highest degree of cor¬ 
rosion resistance is required; for plates 
more than 1 / 2 in. thick; and for most 
gas-welding applications regardless of 
thickness. It is usually more economical 
to use low-carbon or stabilized steel than 
to employ such treatment which, to be 
effective, involves temperatures in excess 
of 1800° F. and very rapid water or air 
quench with resultant danger of warpage 
and distortion. 

Weld Metal .—A sufficiently wide choice 
of welding electrodes is available generally 
to permit a close matching of the proper¬ 
ties of most metals and alloys without sub¬ 
sequent thermal treatment. Accordingly, 
thermal treatment of weldments intended 
primarily to improve the structural prop¬ 
erties of the weld metal are not common. 
A notable exception exists in the case of 
precipitation-hardenable alloys where the 
deposited metal as well as the heat- 
affected zone are usually considerably 
weaker than the hardened alloys and 
where it is usually necessary to resort to 
some form of thermal treatment to im¬ 
prove the properties of both. 

In many cases involving highly ductile 
metals, the ductility of the weld metal al¬ 
though adequate for most service require¬ 
ments, cannot quite match the ductility of 
the base metal without subsequent thermal 
treatment. Accordingly, whenever highest 
ductility of weld metal is desired the 
weldment is usually subjected to a thermal 
treatment. The subcritical thermal stress 
relief normally reduces the yield and ten¬ 
sile strengths of mild steel weld metal 
while it increases ductility. In general the 
higher the stress-relieving temperature 
the greater the increase in ductility. 

Some ferritic low-alloy weld metals 
containing nickel, copper and molybdenum 
or vanadium and molybdenum will show 


a decrease in ductility from the as-welded 
condition if stress-relieved in the tem¬ 
perature range where precipitation¬ 
hardening or aging takes place. One 
disadvantage of this phenomenon is that 
such a precipitation-hardening weld de¬ 
posit is sometimes inadvertently obtained 
through dilution of weld with plate mate¬ 
rial and consequently the heat treatment 
which is intended to increase ductility 
actually decreases it. Another oddity 
of similar nature is a decrease in ductility 
which has been observed in some welds 
low in chromium and molybdenum when 
stress-relieved in the 1100 to 1250°F. 
range. 

Lockcd-Up Stresses .—In the section on 
control of distortion it was mentioned that 
triaxial plastic flow or plastic strain 
occurs during welding in and around every 
weld as the result of stresses induced by 
unequal expansion and contraction of the 
weld metal, the heat-affected zone and 
the unaffected base metal. The plastic 
strain in and around the weld produces 
an elastic strain of the opposite sign in 
the metal which has remained relatively 
cool during welding and is resisting the 
contraction of the cooling metal of the 
weld. That is, in causing the heated metal 
to stretch during cooling, the weldment as 
a whole is compressed. These opposing 
strains produce a system of stresses locked 
up in the weldment and mathematically 
balancing each other. 

The theoretical determination of the 
residual stresses is extremely difficult if 
not impossible but residual (relaxed) 
strain can be relatively easily measured 
by suitable strain gages, after mechanically 
severing the areas of opposite strain. By 
judicious use of this severing or me¬ 
chanical relaxation technique the magni¬ 
tude and pattern of residual strains in the 
entire weldment can be determined. 
Locked-up stresses can then be readily 
calculated. A great many such determina¬ 
tions have been made within the last few 
years on a great variety of weldments, 
as a result of which a reasonably clear and 
accurate picture of residual stresses in 
weldments now exists. 

In general it may be stated that residual 
tension of yield-point magnitude exists in 
the longitudinal direction in all welds over 
18 in. in length, balanced by wide bands of 
relatively low residual compression on 
each side of the weld as shown on Fig. 3. 
Proportionately lower residual stresses 
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exist in shorter welds unless conditions 
of unusual longitudinal restraint are pres¬ 
ent. Normally residual stresses of much 
lower magnitude exist across the weld or 
in the transverse direction. In the case 
of two wide plates progressively butt 
welded together without external restraint 
they usually consist of low tension of a 
few thousand psi. across most of the weld, 
balanced by two areas of compression, 
one at each end of the weld. 

By introducing varying degrees of 
transverse restraint it is of course possi¬ 
ble to increase transverse tension to any 
value up to the yield point of either the 
weld or base metal whichever is the lower. 
To be effective, restraint capable of rais¬ 
ing transverse stresses appreciably must 
be applied within a few inches of the weld 
and under conditions of such high re¬ 
straint, weld cracking usually effectively 
inhibits welding. 



Basically residual stresses produced by 
welding are closely analogous to the 
systems of locked-up stresses present in 
most rolled sections such as I-beams and 
channels, in most castings and forgings 
and in many machined parts. Although 
little attention is generally paid to locked- 
up stresses present in such homogeneous 
sections considerable difference of opinion 
exists regarding their effect on the service 
performance of a welded joint or weld¬ 
ment. It can be and has been demon¬ 
strated that the over-all load-carrying 
capacity of a structural member or of an 
assembly of members is not affected by the 
presence of a system of balanced stresses 
within such members or assemblies when¬ 
ever the load is applied at a compara¬ 
tively low rate and in a manner to 
produce simple tension or shear stress. 
Considerable experimentation has been 


conducted in recent years to determine 
conclusively whether a balanced system of 
residual stresses affects service perform¬ 
ance of a welded structure when subjected 
to more complex types of loading, such as 
dynamic loading, shock loading, loads 
producing high rates of strain and loads 
producing multi-axial stresses within and 
around the joint. None of these experi¬ 
ments have yet been able to establish any 
kind of relationship between residual 
stresses and service performance. It is 
interesting to note that these experi¬ 
ments did establish an improvement in 
performance of welded structures made 
from notch sensitive steels as a result 
of thermal treatment and that this im¬ 
provement can be explained by changes 
in the metallurgical structures of the joint, 
principally reduction of the hardness level 
and gradient in the heat-affected zone. 
For instance in one set of experiments 
greater improvement in performance was 
achieved by a preheat treatment than by 
a conventional postheat or stress-relief 
treatment despite the fact that preheating 
did not diminish or otherwise affect the 
residual stresses in the weld or in the 
weldments, whereas the conventional 
1200°F. stress-relief reduced the locked-up 
stresses to virtually zero. 

The argument about the need for stress 
relief to improve service performance of 
weldments is to some extent academic, as 
in most cases where it is advocated as 
means of insuring the highest quality 
joint, thermal treatment should be used 
anyway to improve the metallurgical 
properties of the joint and to reduce its 
notch sensitivity. 

It may be safely stated that best evidence 
to date indicates that residual stresses, 
per se, do not affect the service perform¬ 
ance of welded structures under condi¬ 
tions of service investigated. Neverthe¬ 
less, it must be remembered that no clear 
experimental proof exists that locked-up 
stresses do not adversely affect the per¬ 
formance of welded structures under any 
condition of service, primarily because it 
is virtually impossible to reproduce ex¬ 
perimentally all conditions of service under 
which welded structures operate. 

Code Requirements .—At present a num¬ 
ber of regulatory bodies, such as the 
ASME Boiler Code Committee, specify 
a thermal stress relief for certain types 
of weldments. There is little doubt 
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that in a majority of cases this is a 
desirable practice since evidence exists 
to demonstrate improved performance of 
structures so treated over structures in 
the as-welded condition. It is well, how¬ 
ever, to bear in mind that the best evidence 
to date indicates that this improvement 
is due to the changes in the metallurgy of 
the welded joint produced by the thermal 
treatment. Where it cannot be demon¬ 
strated that the metallurgy of the welded 
joint is improved by a stress-relief treat¬ 
ment, as for instance in case of weldments 
made of austenitic chromium-nickel steels, 
or of certain quenched and tempered low- 
alloy steels, the desirability of such a 
treatment is doubtful. 

The various code requirements now in 
force are summarized in Table 2. 

COMMON THERMAL TREATMENTS 

FOR WELDMENTS 

Preheat 

Preheating is beneficial and frequently 
mandatory in the gas welding of all heavy 
(Va-in. and kbove) sections for most 
metals, in the welding of high thermal 
conductivity metals and in thermit weld¬ 
ing to assure fusion between the filler 
metal and base metal. In the shielded 
metal-arc welding of steel it is very effec¬ 
tive in reducing the rate of cooling with 
resulting lower hardness and also a wider 
heat-affected zone. Actual tests have 
shown that in steel structures having 
plate thicknesses up to a / 4 in., preheating 
at 400 °E. may produce 9% greater 
strength than is obtained by a 1000°F. 
postheat even though preheating has very 
little effect upon the residual stresses. 

Preheating can be accomplished in many 
ways. One of the oldest methods still in 
wide use is to construct a temporary 
brick furnace around the structure as a 
whole or in part, using a charcoal or coke 
fire or gas burners as a source of heat. 
The area to be welded is generally placed 
so that it can be exposed without uncover¬ 
ing the entire structure, and without ex¬ 
posing the welder to excessive heat from 
the furnace. With such a furnace it is 
often possible to postheat the weld area or 
the entire structure for stress relieving 
or drawing purposes. 

Regular heat-treating or stress-relieving 
furnaces are often used to preheat entire 
structures, especially heavy forgings or 


castings for repair welds. W hen the piece 
to be welded is removed from the furnace, 
protection against rapid cooling should 
be provided with asbestos paper or 
blankets. 

Plate fabricating shops often use 
natural or manufactured gas as a fuel for 
the preheating of weldments since it is 
clean and convenient. It is used in torch- 
type burners, premixing the gas with air, 
or using compressed air in the torch. 
For longitudinal joints in pressure vessels 
a Vs- to 1 Va-in. diam. pipe is sometimes 
drilled at intervals with 1/16 to 3/32 in. 
holes along one axis. Air is mixed with 
gas to produce a cleaner hotter flame 
along the joint. Caution must always be 
observed to avoid excessive temperature 
differentials when locally preheating since 
high stresses can be developed, resulting 
in distortion and broken tack welds. 

Acetylene and bottled petroleum gas 
have been used for preheating and stress 
relieving small diameter pipe joints in 
chromium-molybdenum steel. The heat 
can be applied with torches or with muffle- 
type furnaces. Portability of the equip¬ 
ment is one of the chief advantages of this 
method. 

Electrical strip heaters of 100 to 220-volt 
rating have been used for local preheating 
of repairs in castings, for pipe and for 
pressure vessel joints especially for field 
welding. These must be carefully in¬ 
sulated at the terminals to avoid the 
danger of shock to workmen. Strip 
heaters, designed for 55-volt, a.c. trans¬ 
formers of 1000 amp. capacity have 
been used for the preheat of welded 
joints in plates of over 2-in. in thickness. 
These heaters are anchored to the plates 
approximately 4 in. from and parallel 
to the joint. They are then covered 
with a channel or inverted angle packed 
with dry insulating material. Since there 
is no arc interference it is unnecessary 
to switch off the preheat current during 
welding operations. 

Another form of local preheating with 
radiated heat is used principally on pipe 
but has been used for circumferential 
joints in vessels as thick as l 1 /* in. and 
with a circumference of 14 feet. One 
method utilizes oxidation-resistant wire of 
the Nichrome or Chromel type, insulated 
with ceramic beads of the type use on 
thermocouple leads. Using 8-gage wire, 
approximately 30 ft. of wire can be used to 
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Table 2—Construction Code Requirements for Thermal Stress Relief 


Code 


Mandatory Stress Relief 


Conditions Specified 


Drums, Shells, Etc. 

ASME, Sect. I, Power Paragraph P-108 requires S. R. of 
Boilers, 1948 all fusion-welded pressure parts with 

some exceptions. Includes drums, 
manifolds, headers, etc. 


Welded Connections, etc. 

Paragraphs P-112 and P-113, re¬ 
quire S. R. of circumferential joints 
of pipe, tubes, headers if carbon steel 
over ^8 -in. nom. thickness or C-Mo 
(0.20% max.) over 26-in. nom. thick¬ 
ness. 


Paragraph U-68 Vessels 

ASME, Sect. VIII, Un- Paragraphs U-13(c), U-68, U-76 
fired Pressure Vessels, and U-200 require S. R. of all fusion- 
1948 welded pressure parts. 

Paragraph U-69 Vessels 

Paragraphs U-13(c), U-69, U-76 
and U-201 require S. R. of: SA302 
steel in all thicknesses; SA202 Gr. 
A. SA203, SA204, SA225, SA299 
and SA301 in all thicknesses 0.58 in. 
and over; SA212 in all thicknesses 
over 1 in., and in all thicknesses 0.58 
in. and over and also 1 in. and less 
which are more than (D 50)/120, 
where D = inside diameter; all other 
permissible steels over iVi in. thick 
and in all thicknesses 0.58 in. and 
over and also in. and less which 
are more than (D + 50)/120. 

Paragraph U-70 Vessels 

No S. R. required on vessels built 
under this paragraph. 


ASME, Sect. Ill, Boil¬ 
ers of Locomotive, 
1947 


Pressure Parts 

Paragraphs L-102, L-107 require 
S. R. of all fusion-welded pressure 
parts. 


API-ASME Code for 
Un fired Pressure 
Vessels for Petroleum 
Liquids & Gases, 1943 


Unfired Welded Pressure Vessels 

Paragraphs W-318.1, W-318.2, W- 
462, W-463 require S. R. for ASTM 
A212 and A225 when plate thickness 
at joint exceeds 1 in. or is less than 1 
in. but exceeds (I.D. + 50)/l20 

where I.D. is inside diam. in in. with 
a lower limit of 20. Also if steel is 
not of firebox quality. Also if steel 
has a C content greater than 0.31%. 
Other permissible steels require S. R. 
if over in. or if exceeds (I.D. + 
50)/120 as above. 

W-318.2 for joint not requiring 
S. R. (under W-318.1) allows a joint 
efficiency factor of 1.06 for stress re¬ 
lieving compared with a factor of 1.0 
if not stress relieved. 


(1) Heat up to at least 1100°F., and 
up to 1200°F., or higher if it can 
be done without distortion. 
Bring up slowly, hold at least 1 hr. 
per in. of thickness and cool 
slowly to a temperature not ex¬ 
ceeding 600°F. 

(2) Local S. R. circumferential joint 
requires heated band six times 
plate thickness on each side of 
joint. 

(3) Nozzles and attachments may be 
locally S. R. if heated band 12 
times shell thickness wider than 
attachment. 

(4) For piping and tubing the heated 
band shall be three times width of 
widest part of weld groove and 
not less than twice weld reinforce¬ 
ment. 


Same as ASME P-108—(4) 
above. 


Same as ASME P-108—(1), (2). 
(3). (4). 


Same as ASME P-108—(1), (2) 
(3). (4). 


Same as ASME P-108—(1), (2) 
(3), (4). 


1) Requires heating to 1100° F. min., 
holding 1 hr. per in. of max. metal 
thickness with heating rate of 
400°F. and cooling rate of 500 F. t 
divided by thickness in in.; 500 F. 
max., above 600°F. 

1100°F. is impractical allow 2 hr. 
at 1050°F., 3 hr. at 1000 °F , 5 hr. 
at 950°F., or 10 hr. at 900°F.). 

During heating, max. temp, varia¬ 
tion of 250°F., in 15-ft. length. 
During holding time, max. varia¬ 
tion 150°F. throughout portion 
being heated. 

If vessel is heated in sections re¬ 
quires overlap of 5 R. and max. 
temp, gradient of 200 F. per ft. 
in plate outside of furnace. 

For local S. R. of circumferential 
joints requires min width o 
heated band to be 6 times plate 
thickness on each side of J°» n 
with max. gradient as in UL 
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Table 2—Construction Code Requirements for Thermal Stress Relief (contd.) 


Code 


Mandatory Stress Relief 


Conditions Specified 


Welded Structural Members 

AWS, Std. Spec, for Paragraph 604(g) requires S. R. if 
Welded Highway and any welding is done on material over 
Railway Bridges, 1047 3-in. thick, or if material over 2 in. is 

welded to material half its thick¬ 
ness or less, except unimportant as¬ 
semblies, like base plates. 


All Classes of Piping 

Am. Std. Code for Pres- Paragraph 628(a) (1) requires S. R. 
sure Piping. ASA in carbon steel when nom. thickness 
B31.1-1942 (Sup. No. is in. or greater. 

2. 1947) Paragraph 628(a) (2) requires S. R. 

in carbon steel of over 0.35% C or in 
C-Mol if the nom thickness is x / z in. 
or greater. (In above or in slip-on 
flanges fillet welded, the thicker pipe 
or the highest C content shall deter¬ 
mine necessity for S. R.) 


AWS Rules for Welding 
Piping in Marine 
Construction (Car¬ 
bon Steel only) 


Marine Piping 

Paragraph 9(a). All welded joints 
in Class 1 Piping over 2J-£-in. nom. 
pipe size shall be S. R 

Paragraph 9(b). All complicated 
connections shall be furnace S. R. as 
a whole. 


Pressure Vessels, Piping 6r* Machinery 
BU Ships, Navy Dept., Paragraph Sl-4-p requires S. R. of 
Spec. Sl-4, June 1941 the following: Class A1 fired and A2 

and A3 unfired pressure vessels; 
Class B machinery welds; Class P-1 
piping; seal welds in C or C-Mo of 
0.35% C or greater and strength 
welds in C or C-Mo piping over 2-in. 
size; P-2 piping; seal welds in C 
steel of over 0.35% C and strength 
welds in C steel of over 0.25% C (for 
welded fabric «ted valves and mini¬ 
folds); all welded rotating parts of 
electrical machinery. 


(4) Controlled mechanical peening 
permitted for field-assembled ves¬ 
sels. 


Paragraph 609(b) — Where 
plans, drawings or Par. 604(g) re¬ 
quires S. R. the assembly shall be 
adequately supported in furnace 
and heated to 1100 to 1200°F. and 
held 1 hr. per in. of thickness of 
thickest part. The temperature is 
required to be uniform throughout 
cycle so that thermocouples at¬ 
tached to the anticipated hottest 
and coldest points will not vary 
more than 100°F. at any time. 
Thermocouple junctions shall not 
be in direct path of heating flames. 
Assembly may be removed from 
furnace at 600°F. or lower. All 
machining shall be done subse¬ 
quent to heat treating. 


(1) For furnace S. R. of entire pipe, 
temperature shall be 1100 to 
1250°F. except where higher 
temperatures are required due to 
characteristics of material. Parts 
shall be heated slowly, held at 
temp, for the necessary period, 
which shall be 1 hr per in. of thick¬ 
ness for carbon steel and 2 hr. per 
in. for C Moly, but in no case less 
than H hour. 

(2) For local heating of a circumfer¬ 
ential band the width of the band 
shall be 3 times the width of the 
weld groove and 2 times the width 
of reinforcement, and the tem¬ 
perature shall be allowed to di¬ 
minish gradually outward from 
the ends of this band. 


(1) The S. R. temperature shall be 
1100 to 1200°F., with a holding 
time of 1 hr. per in. of pipe wall 
thickness, }/£ hr. minimum. Rate 
of heating to be slow. Furnace 

heats shall be allowed to cool 
slowly to below 600°F.; local 
heats may be cooled under an in¬ 
sulating blanket. 

(2) Piping shall be designed to be free 
to expand in longitudinal direction 
when being S. R. 


(1) Stress relief temperature shall be 
1100 to 1250° F. Furnace cooling 
required to 500°F. for C steels or 
309°F. for air-hardening mate¬ 
rials. 

(2) During heating and cooling tem¬ 
perature difference between any 
two points shall not exceed 100°F. 
Unless a temperature difference 
between any points is 75°F. or 
less the following rates of heating 
and cooling shall not be exceeded: 

1- in. thickness, 200°F. per hr.; 

2- in., 150°F.; 3-in., 100°F.; 

4-mt_, 80°F.; 5-in., 60°F.; 6-in., 
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Table 2~—Construction Code Requirements for Thermal Stress Relief (contd.) 


Code 


Mandatory Stress Relief 


Conditions Specified 


(3) Up to 6 thermocouples shall 
be used on a furnace charge. The 
hot junction shall be fastened 
to the work. Recording pyro- 
metric equipment shall be em¬ 
ployed. 

(4) For local S. R. of pipe at least two 
thermocouples shall be used, with 
a two-point recording potentiom¬ 
eter, the hot junctions to be sepa¬ 
rated by a distance equal to the 
O.D. of the pipe. The weld shall 
be in the center except for flange 
to pipe joints where the flange 
side thermocouple shall be a min. 
of 2 in. from the weld. 

(5) For local S. R. the rate shall not 
exceed 40°F. for any 5-min. 
period. Soaking shall be at 
1150°F. ± 50°F. for 1 hr. per in. 
or fraction of inch. Carbon-moly 
pipe shall be heated to 1100 to 
to 1175°F., held 1 hr. and cooled 
at a maximum rate of 125° F. 
per hr. to 500°F., below which it 
may be cooled in still air. 


ASME Boiler Code In¬ 
terpretations (March 
1949) 

Case No. 

824 
89 G 
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Subject 

Permission to fabricate boiler of 
seamless headers. 

Permission to fabricate Fusion 
Welded Vessels of Clad materials 
SA2G3, 2G4, 2G5. 


Fusion-welded vessels of Chro¬ 
mium-Nickel Steel as such or with 
Cb, T or Mo. SA240 Grades S, M, 
C or T. 


Grade Type Treatments 


s 

304 

(a) 

• • • 

(O 

M 

31G 

(a) 

• • • 

(c) 

Me 

316 Cb 

(a) 

(b) 

. • « 

C 

347 

(a) 

(b) 

(c) 

• • ^ 

321 

(a) 

(b) 

(c) 


Conditions Specified 

(Requires S. R. of headers after 
welding tubes or cross headers. 

Subject to the S. R. require¬ 
ments of Section VIII except S. R. 
is mandatory for SA263 Cr clad 
steels (except for Gr. 0 and A, 
with 0.08 %C max. when they are 
welded with austenitic elec¬ 
trodes) . 

(1) Where heat treatment is re¬ 
quired it shall be of the com¬ 
pletely welded vessel. 

(2) U-69 vessels over thick and 

all U-G8 vessels shall be heat 
treated. Recommends treatment 

(a) or (b) for other vessels—if not 
treated, requires treatment (a) or 

(b) applied to material as last 
heating operation. 



Treatment (a)—Heat to 1900 to 
2000°F. (1950 to 2050°F. for 

Grades M & Me) hold 1 hr. per 
in. of max. thickness (H hr., 
min.). Cool quickly and uni¬ 
formly (3 min., max., from 171HJ 
to 1000°F. for Grades S, M and 
Me). Cautionary note regarding 
stress corrosion due to quenching 
stresses in certain chemical serv- 
i ce 

“Treatment (6)—Heat to 1550°F. 
min. (1550 to 1650°F. for 
Grade T). Hold 2 hr. per in. of 
max. thickness, 2 hr., min. Cool 
in still air or in the furnace. 

Treatment ( c )—Heat to min. ot 
1300°F. in accordance with Par. 
U-76 (same as P-108 (1). Special 
bend test required if applied be¬ 
low 1550°F. with Grades C or 1. 
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Table 2—-Construction Code Requirements for Thermal Stress Relief (contd.) 


Case No. 


Subject 


Conditions Specified 


905 

941 


985 


989 


1065 

1078 


Fusion-welded vessels of Cu-Cr-Ni 
Steel at service from — 150 to C5G°F. 


Permission to construct welded 
unfired vessels to U-68 of Mn-Mo 
steel (modified A204-38). 


Permission to construct fabricated 
flanges and necks by welding for 
boilers, piping and unfired pressure 
vessels. 


Permission to fabricate U-68 ves¬ 
sels of modified Types 410 and 430 
straight chromium steels. 


Permission to fabricate built up 
fittings to U-68 except substitute a 
normalize for a S. R. 

Permission to construct fusion- 
welded vessels lined with corrosion- 
resistant materials welded to com¬ 
ponents. 


Requires that the material be 
normalized before welding and 
stress relieved as provided in U- 
68 . 

(1) Plates over %-in. thick shall be 
normalized at 1650 to 1700°F. 

(2) S. R. shall be as specified in Par. 
U-68, with slow cooling to less 
than 600°F. with the furnace 
doors closed. 

(1) All flanges to Fig. UA-4(10), (11) 
shall be S. R. 

(2) Flanges to Fig. UA-3((i), (7) to be 
S. R. where the neck, pipe or shell 
to which attached is required to 
be S. R. by provisions of Pars. U- 
70 or P-112. 

(1) Stress relief should preferably fol¬ 
low welding without intermediate 
cooling. 

(2) vS. R. shall be 1350 to 1500°F. with 
soaking time sufficient to produce 
required ductility in weld. Cool¬ 
ing to 1000°F. shall not exceed 
rate of 100°F. per hr. Below 
1000°F. cooling in still air per¬ 
mitted. 

Allows normalizing of welded 
fittings (ells, tees, return bends, 
etc ). Testing required in nor¬ 
malized conditions. 

S. R. required for vessels with 
straight chromium steel (except 
SA263 Gr. O and Gr. A, with 
0.08 %C max. when welded 
with austenitic electrodes). 


conduct 100 amp. from a welding gener¬ 
ator. Three such wires in parallel have 
been used with a 400-amp. welding gener¬ 
ator. Temperature control is obtained by 
changing the voltage or the current at the 
machine as in welding. When heating by 
this method the electrically insulated wire 
is wrapped around the work, then well in¬ 
sulated thermally from the air by multiple 
layers of asbestos paper or by other high- 
temperature insulating material. Pre¬ 
heat can be obtained by a coil on each 
side of the joint; a third coil added over 
the completed weld can be used for stress 
relieving. 

Induction heating, using 60-cycle trans¬ 
formers of suitable capacities specially 
built for this purpose, is probably the 
most common method of preheating pipe 
joints for welding. These transform¬ 
ers may be operated manually or with 
automatic controls which will maintain 
any temperature range or follow a pre¬ 
determined time-temperature program. 
Coils may be heavy flexible copper cable 
insulated with asbestos, buss bars or 
water-cooled coils. Usually one or more 


layers of asbestos paper are wrapped 
around the pipe prior to placing the coil 
in position. Insulation need not be placed 
outside the coil. The heating current 
must be turned off during welding to 
prevent interference with the arc. This 
can be controlled by the welding circuit 
and thus can be made automatic. 

Induction heating can also be obtained 
bv the use of a laminated core inside a 
pipe or on the surface of a plate adjacent 
to a joint. This method has been used 
with movable coils preceding an automatic 
welding head along a pressure vessel joint. 

Postweld Thermal Treatments 

Thermal Stress Relief. —C. R. Jelin and 
S. A. Herres have shown that the percent¬ 
age relief of internal stresses is indepen¬ 
dent of steel type, composition and yield 
strength. The effects of varying time and 
temperature are shown in Fig. 4. It is 
interesting to note that temperature has a 
lar greater effect in relieving stresses than 
the length of time the specimen is held at 
that temperature. 

Thermal stress relief can be conducted 
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in any furnace suitable for heating the 
entire weldment. Figure 5 shows a pres¬ 
sure vessel ready for stress relief in a car- 

type, oil-fired furnace 13 1 /* X 13 1 /* X 80 

ft. in size. Figure 6 shows an assembly of 
chromium-molybdenum piping ready for 
stress relief in an oil-fired furnace 9x11 


end and be stress relieved even though 
they are longer than the available furnace. 
Care must be taken that there is an over¬ 
lap of the heated sections in the successive 
heats and that the temperature gradient is 
not steep enough to introduce excessive 
thermal stresses. Figure 7 shows the ap- 
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Fig. 4.—Effect of Temperature and Time on the Relief of Stresses 


X 37 ft. in size. Sometimes only a portion 
of the weldment is heated if the structure is 
uniform in cross-section and the unheated 
ends are free to move and do not res¬ 
trict the expansion of the heated part. By 
this method pressure vessels can be partly 
enclosed but extend beyond the furnace 


plication of local thermal stress relief to a 
circumferential joint of a pressure vessel 
16 ft. in diam.; the vessel is rotated to 

obtain uniform heating. 

The length of time the weldment should 
be held at the maximum or soaking tem¬ 
perature depends on the thickness of the 
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Fi g- 5 .—Pressure Vessel Ready for Thermal Stress Relief in a Car-Type, Oil-Fired 

F urnace 


parts and the yield strength-temperature 
characteristic of the metal of which it is 
made. 

Table 3 gives maximum temperatures 
and times at those temperatures per inch 
of maximum thickness for a number of 
metals and alloys. Adequate support of 
lighter parts must be provided, other¬ 
wise serious distortion may result. 

Both the increase and reduction of tem¬ 
perature must be gradual and at a rate 
which will insure approximately uniform 
temperatures throughout. In general the 


greater the difference between the maxi¬ 
mum and minimum thickness, the slower 
should be the rate of temperature change. 
Since other factors such as strength-tem¬ 
perature characteristics of the metal being 
treated and geometry of the parts are in¬ 
volved, an all-embracing formula for the 
maximum heating and cooling rates is not 
very satisfactory. The following rules can 
be used as an approximate guide for simple 
cases. 

Case 1 : Where the ratio of maximum 
to minimum thickness does not exceed 4 


Table 3—Typical Thermal Treatments for Weldments 


Material 

Soaking Temperature. 

°F. 

Time. 

Hr./In Thk. 


Carbon steel 

1100-1250 

1 


C-H% Mo steel 

1200-1325 

2 


1% Cr-H% Mo steel 

1250-1350 

2 


2% Cr-H% Mo steel 

1300-1375 

o 


2J<% Cr-1% Mo steel 

1325-1400 

2 


5% Cr-M% Mo (Type 502) steel 

1350-1400 

2 


9% Cr-1% Mo steel 

1375-1425 

3 


12% Cr (Type 405) steel 

1300-1350 

2 


12% Cr (Type 410) steel 

1350-1400 

2 


15% Cr (Type 430) steel 

1400-1450 

4 


Austenitic Mn steels 

1900-2000, air cool 

1 


Austenitic Cr-Ni steels 

1900—200C, air cool 

1 


Low alloy Cr-Ni-Mo steels 

1100-1250 

1 


2 to 5% Ni steels 

1100-1150 

1 


9% Ni steel 

1000-1100 

2 


Monel 

1100-1250 

1 


Inconel 

1100-1250 

1 


Nickel 

1100-1250 

1 


Cast iron 

1050-1250 

1 
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Fig. 6.—Chromium-Molybdenum Pipe Ready 
for Thermal Stress Relief in an Oil-Fired 
F urnace 


to 1 heating and cooling rates should not 
exceed 400° F. per hr. divided by the 
maximum thickness in inches at the weld. 

Case 2 : Where the ratio of maximum 
to minimum thickness exceeds 4 to 1, heat¬ 
ing and cooling rates per hour should not 
exceed: 1 in. thick—200°F.; 2 in.—150° 
F.; 3 in.—100°F.; 4 in.—80°F.; 5 in.— 
60°F.; 6 in.—50° F. 

For complicated structures with mem¬ 
bers of widely varying thickness the safest 
procedure is to attach thermocouples to 
all critical sections and not permit more 


than 75°F. difference between any two 
sections. 

The temperature at which a member 
may be withdrawn from the heating cham¬ 
ber depends upon a number of conditions. 
It must be remembered that a temperature 
differential of 100° F. in a rigidly fixed 
piece is equivalent to 20,000 psi. at tem¬ 
peratures below 600°F. It is therefore 
important that members having variable 
rigidity or restraint within themselves 
be reduced uniformly to the atmospheric 
or ambient temperature; otherwise distor¬ 
tion and new residual stresses will result. 
It is important that even simple vessels, 
such as drums of uniform thickness, be 
cooled uniformly and slowly if distortion 
and new stresses are to be avoided and 
the benefits of reduced hardness in the 
heat-affected zone are to be obtained. 
Thus a still air is very desirable after 
the furnace is opened and until the piece 
is fully cooled. 

Pressure vessels of simple form and uni¬ 
form thickness are frequently withdrawn 
at 600°F., or the furnace is opened at 
that temperature to permit more rapid 
cooling. This may safely be done if the air 
surrounding the vessel is sufficiently quiet 
to insure uniform temperature. More 
complex assemblies are cooled to a lower 
temperature (in extreme cases to 200°F.) 
before opening the furnace. 

Local thermal stress relief is also used 
on circumferential joints in pressure ves¬ 
sels and, more commonly, in pipe. Figure 
8 shows the local stress relief of a welded 



Fig. 7.—Local Stress Relief of Circumferential Joint in 16-Ft. Diam. Pressure Vessel 
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pipe joint in the field by means of a 60- 
cycle induction heating element. Again 
the temperature gradient should be con¬ 
trolled and restriction of movement should 
be minimized. Local stress relieving can 
be dangerous if misapplied. Complex 
structures can be fractured due to unequal 
expansion, or the structure can have in¬ 
creased locked-up stress following the 
treatment. Attempts to locally stress re¬ 
lieve the longitudinal shell joints of pres¬ 
sure vessels have resulted in fractures at 
the ends of the joints caused by expansion 
stresses. This could he expected if it is 
considered that a section 10 ft. long ex¬ 
pands approximately :, /« in. at the stress- 
relief temperature. 

Oxidation of the surface at temperatures 
up to 1200°E. for ordinary holding times 
at temperature is not severe. However, a 
minimum of excess air in the fuel mixture 
consistent with good combustion should be 
maintained. Sometimes it is advantageous 
to machine subassemblies which necessi¬ 
tates stress relief of the finished surface. 
I his is often true of flanges on pressure 
vessel nozzles. Protection of these sur¬ 
faces can be obtained by covering with 
fire clay, asbestos or by the use of a scale- 
resistant paint. Scaling of closed vessels 
can be reduced on the inside by closing all 
openings and leaving a vent for the escape 
of the expanding air. In extreme cases 
where the insides of vessels must be en¬ 
tirely clean and are not accessible for 
cleaning after stress relief, nitrogen has 
been used to flush out the interior air and 
maintain an inert atmosphere during heat 
treatment. 

Controlled Low-Tcnipcraturc Stress 
Relief .—This process was developed dur¬ 
ing the last war, in an attempt to provide 
means . for reducing locked-up weld 
stresses in ships and other weldments too 
large to be stress-relieved in a furnace. 

I his method is not a thermal method in 
the sense of stress relief through relaxation 
of elastically-strained material by plas¬ 
tic flow induced through a lowering of 
the yield strength. It consists of pro¬ 
gressively heating two bands, one on each 
side of a welded joint, while keeping the 
joint itself relatively cool. The theory 
°f this procedure is that the two zones of 
compression, which normally balance the 
tension band along the axis of the weld, 
are made to expand thermally whereas 
the tension band which remains cool ex- 



Fig. 8. —Welded Pipe Joint beinq Stress 
Relieved in the Field by Means of Induction 
Heatinq Element 


pands not at all or at least very little 
thermally. Since the volume of metal 
which is made to expand thermally is 
much greater than the volume of metal in 
the tension band, the force of its expansion 
mechanically stretches the tension band be¬ 
yond the yield point. On cooling, the two 
heated bands contract thermally and allow 
the cold central band to contract elastically 
thus relieving the locked-up tension in it. 
By properly controlling the amount of 
thermal expansion it is possible, theoreti¬ 
cally at least, to reduce the locked-up 
stresses in the weld to any desired value, 
or even convert it to compression. 

I here is no question that when properly 
used this method will reduce locked-up 
longitudinal stresses in simple butt welds 
by a very substantial amount. Its effect on 
the metallurgical properties of the weld 
metal or of the heat-affected zone, and 
therefore its value in improving the service 
properties of the welded joint, has not 
been definitely established. 

formalizing .—Normalizing of steel is 
generally performed for the purpose of re- 
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fining and unifying the grain size after 
casting, forging, hot bending of pipe or 
other hot working operations. Where this 
is necessary to provide required properties 
in the materials becoming a part of a weld¬ 
ment (for example, heavy casting or 
ASTM A201 and other plates over 2 in. 
in thickness) it is generally performed 
prior to welding to provide the superior 
properties of the refined structure to with¬ 
stand the welding stresses. Stress relief of 
these components after they are welded 
together should follow normalizing if the 
carbon or alloy content of the material 
causes it to be air hardening. Normaliz¬ 
ing is generally performed on ferritic 
material for service at temperatures be¬ 
low —20 °F. 

Where special properties are required, 
weldments sometimes are normalized. 
Since the probability of warpage of the 
weldment is great, special handling equip¬ 
ment for the hot structure is required. 

One of the metallurgical benefits of nor¬ 
malizing completed weldments is the 
development of a more homogeneous struc¬ 
ture across the joint. The treatment tends 
to coarsen the refined heat-affected zone 
and erase the definite line of fusion be¬ 
tween weld and base metal. This has been 
found advantageous prior to stretching 
of cylinders, which is sometimes done for 
sizing purposes and for increasing the yield 
strength of the cylinder wall. Normalizing 
of completed weldments and of weld joints 
(locally) has also been used to inhibit the 
formation of chain graphite in carbon- 
molybdenum steam piping operating at 
temperatures above 900°F. Perhaps the 
most common use of normalizing in weld¬ 
ments is to improve impact strength at 
subzero temperatures in low-alloy mate¬ 
rials containing nickel, copper-chromium- 
nickel or aluminum-killed carbon steel. 
It is customary to temper or stress relieve 
following normalizing to remove stresses 
and reduce hardness. 

Full Annealing. —Full annealing serves 
to erase the metallurgical notch present in 
any joint since it is similar in action to 
normalizing, except that the slow cooling 
to below the critical transformation range 
results in a larger grain size and produces 
maximum softness in most ferrous mate¬ 
rials. If the slow cooling is continued 
to near ambient temperature the result is 
a soft, dimensionally stable structure. 

Annealing following welding is most 
common in the treatment of air-hardening 


materials. The martensitic chromium- 
molybdenum and straight chromium steels 
are generally postheated to 1550 to 1650° 
F., held at the temperature for a period of 
2 hr. or more per in. of thickness, and 
cooled at a maximum rate of 25 to 50°F. 
per hr. to a temperature below the critical 
range. (Since the transformation tem¬ 
peratures are suppressed in the cooling 
cycle the rate of cooling is generally con¬ 
trolled to 1100°F. or below.) The marten¬ 
sitic chromium steels are subject to im¬ 
pairment of physical properties, especially 
impact resistance, when heated in the 
range of 800 to 1000°F. due to a precipita¬ 
tion phenomenon. For this reason it has 
become common practice to cool rapidly 
in air through this range. The use of 
molybdenum in the lower chromium steels 
almost entirely inhibits this temper 
brittlement, thus eliminating the necessity 
for rapid cooling with its possibility of 
warpage and the introduction of residual 
stress due to variations in cooling rates 
in different parts of the structure. 

Quenching and Tempering. —Quenching 
and tempering are sometimes necessary 
to obtain special properties in either weld 
metal or base metal. Dies are sometimes 
repaired or altered by welding. If exten¬ 
sive machining of the weld area is required 
the repaired die may be annealed following 
welding, machined and then heat treated 
to conform to the base material. Selection 
of a weld deposit identical with the die 
steel removes the question of variations 
in hardness. Most surfacing applications 
are preformed with a deposit specified to 
provide the required hardness in the as- 
welded condition. 

Solution and Precipitation Treatments. 
—Solution and precipitation treatments 
are used to develop the aged properties of 
certain types of alloys. Aging is believed 
to be a precipitation of microscopic or 
submicroscopic particles within the metal 
crystal, thus increasing the yield and 
ultimate tensile strengths of the alloy. 

• • 

The application of solution and precipi¬ 
tation heat treatments subsequent to weld¬ 
ing is quite frequently done when welding 
and brazing the heat-treatable aluminum 
alloys and the practice is only limited by 
the availability of heat treating equipment. 
There is a very substantial increase in both 
tensile strength and yield strength across 
the weld when the parts are solution heat 
treated and aged after welding. The ten¬ 
sile strength of welds in aluminum alloys 
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up to 1-in. thick can be increased to the 
tensile strength of the base material by 
such heat treatment. The ductility, how¬ 
ever, is not improved substantially and 
the application of postweld heat treating 
does not eliminate the necessity for 
testing prototypes of welded structural 
assemblies to make sure that they possess 
adequate ductility or elongation. The 
heat-treating procedure is usually about 
the same as used for unwelded parts; 
the quenching after solution heat treat¬ 
ing is varied to suit the geometry of 
the piece. The quenching medium may 
be cold water, hot water, water spray or 
an air stream depending on the base metal 
and the complication of the parts. The 
above quenching mediums are listed in the 
general order of preference from the stand¬ 
point of getting maximum resistance to 
corrosion and maximum mechanical prop¬ 
erties. They are listed in the reverse 
order of preference from the standpoint of 
distortion from quenching. Specific ap¬ 
plications require judgment in choosing the 
best overall procedure. Precipitation 
hardening by natural or artificial aging of 
welds is accomplished with exactly the 
same times and temperatures proper for 
the base metal. This phase is not compli¬ 
cated and no distortion is obtained in the 
process. 

The copper-nickel-molybdenum low- 
alloy steels may have satisfactory proper¬ 
ties if subjected to a precipitation treat¬ 
ment without a prior solution treatment 
since the as-rolled condition is often the 
equivalent of a solution treatment (air 
cooling from above the upper critical 
temperature). Most consistent results 
will be obtained, however, if the material 
is subjected to both the solution and the 
precipitation treatments. Precipitation is 
generally performed by holding at tem¬ 
peratures of 900 to 1000°F. for a time of 
1 to 4 hr., depending on the thickness of 
the section. Ordinarily for the welding 
of this material no attempt is made to 
match the base metal in chemistry, the 
weld metal composition rather being 
selected to have similar physical proper¬ 
ties when subjected to the heat treatment 
required by the base metal. It is consid¬ 
ered desirable to perform the solution as 
well at the precipitation treatment follow¬ 
ing welding since the welding stresses and 
the heat-affected zone are obliterated 
during the solution treatment. Where so¬ 


lution treatment of the entire weldment is 
impracticable the components may be so 
treated and the completed weldment can 
then be given the lower temperature pre¬ 
cipitation treatment to develop the desired 
strength. When this procedure is followed 
it should be remembered that only partial 
relief of stress is obtained, and that an 
electrode should be selected to give a weld 
metal which will not be excessively hard 
(and consequently low in ductility) when 
subjected to the relatively low-temperature 
draw. 

Molybdenum-vanadium-chromium base 
material has been closely matched in 
chemical content by the weld desposit in 
order to obtain the specific high tempera¬ 
ture properties of the base material. The 
base metal only is generally solution 
treated (1950°F., 4 hr. air cooled) ; with 
the aging treatment (1200 to 1325°F., 4 
hr. minimum furnace cooled) being per¬ 
formed following welding. 

The terms solution and precipitation are 
also applied to the treatment of austenitic 
chromium-nickel steels. Carbon will come 
out of solution in these steels when they 
are heated in the 800 to 1800°F. range and 
precipitate in the grain boundaries as 
chromium carbide. This reaction causes 
a depletion of chromium near the grain 
boundaries, making the steels sensitive to 
certain chemical attack, known as inter¬ 
granular corrosion, in these areas. A so¬ 
lution treatment involves heating the 
material within the range of 1900 to 2000° 
F. for a half hour or longer and cooling 
rapidly through the sensitizing tempera¬ 
ture range to avoid reprecipitating 
carbides. 
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Peening .—Although peening has been 
used in conjunction with welding for 
several decades, factual data concerning 
its application and results to be expected 
are not common. The Welding Research 
Council, using the facilities of the Ameri¬ 
can Bureau of Shipping, is now conduct¬ 
ing a thorough investigation of the factors 
involved in peening. The API-ASME 
Code for Unfired Pressure Vessels, 1942 
Addenda permits peening to reduce stress 
in welded joints as an alternative to ther¬ 
mal stress relief (Par. W-463), control¬ 
ling the degree of peening by maintaining 
a nearly constant dimension between 
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benchmarks across the joint. Somers ex¬ 
amined the effect of peening temperatures 
on the properties of E6020 weld metal. 
As would be expected an increase in 
hardness was observed in the worked 
metal, especially in the top layer peened 
at 600°F. which reached 99 Rockwell 
B, compared with a hardness of 76 Rock¬ 
well B in an unpeened weld. 

The primary purpose of peening is to 
promote plastic strain, that is elongation 
along one or two axes, with corresponding 
reduction along the remaining axis or 
axes, by applying compression along the 
axis in which the reduction is to take 
place. To be most effective compression 
should be applied uniformly or simultan¬ 
eously over the entire straining area, and 
since this is obviously impossible the blows 
should simulate this condition as closely 
as possible. Quick light blows applied as 
rapidly as possible with a round-nosed 
tool, preferably an air-hammer, offer the 
best compromise. Considerable skill is re¬ 
quired to distribute the blows as uni¬ 
formly as possible since localized over- 
peening can result in excessive hardening, 
flaking and even cracking. Peening should 
be preceded by a cleaning operation in 
order to prevent entrapment of slag and 
flux. To prevent cracking, peening should 
be done at as high a temperature as pos¬ 
sible, while distortion is best controlled 
by peening cold metal. Certain alloy 
weld metals have low ductility in the blue- 
brittle range (300 to 700°F.) and even 
higher and these should always be peened 
cold. 

Peening is most effective on light weld 
deposits. Peening of weld deposits over 
8 /ie-in. thick is of doubtful value in 
most cases and should not be attempted on 
deposits Vi-in. thick or thicker. 

Recent investigations indicate that peen¬ 
ing does little to reduce residual stresses 
unless all weld passes including the final 
pass and the base metal adjacent to it are 
peened after the weldment has cooled down 
to ambient temperature. Since most 
codes prohibit peening of the final pass for 
• several reasons, one of them being to per¬ 
mit visual detection of cracks, the value of 
peening to control residual stresses is 
doubtful. 

Inasmuch as the subject of peening has 
not been scientifically studied, the API- 
ASME Code for Unfired Pressure Ves¬ 
sels prescribes a method for checking the 
effectiveness of a peening procedure in an 


actual welding operation. According to 
to this code, punch marks should be made 
on opposite sides of the weld and the dis¬ 
tance between these marks kept withinit 
7 32 in. by peening during the welding of 
the seam, the first measurement being 
made after two layers of weld metal have 
been deposited. If the peening has been 
executed so as to hold the deviation in 
distance between punch marks to a mini¬ 
mum until the weld has been built to a 
depth of L /4 to 17s in., the same degree 
of peening may be applied safely to the re¬ 
mainder of the weld. 

Peening of resistance welds to reduce 
distortion of sheet-metal parts is usually 
done with a mechanically-operated trip¬ 
hammer using flat wide dies for both the 
hammer and supporting anvil. Since the 
welds must be backed up by rigid anvils 
immediately under the hammer blow, the 
parts are usually moved through a sta¬ 
tionary hammer. Metal near welds is 
usually peened as well as the weld itself. 

Proofstressin g .—Recent investigations 
indicate that uniform loading of weldments 
tends to decrease longitudinal locked-up 
stresses by the amount of loading. Thus 
if a non-stress-relieved weldment consist¬ 
ing of two plates joined by a butt weld is 
loaded in tension parallel to the axis of 
the weld until a nominal state of tensile 
stress of 10,000 psi. exists throughout 
the weldment, the residual longitudinal 
stress in the weld will be reduced by 
10,000 psi. It must be noted that to result 
in effective relaxation of stresses the load¬ 
ing must produce uniform stress through¬ 
out the weldment, since a non-uniform 
stress may result in worse locked-up 
stresses than the original ones caused 
by welding. 

Cylindrical and spherical pressure ves¬ 
sels can be readily proof-stressed by 
hydrostatic loading. In cylindrical vessels 
hydrostatic loading produces circumferen¬ 
tial stress approximately double the lon¬ 
gitudinal stress so that relief of residual 
stress in longitudinal welds will be only 
half the relief in circumferential welds. 

Proofstressing of weldments of more 
complex geometry usually presents con¬ 
siderable difficulties and is therefore sel¬ 
dom attempted. Proofstressing . often 
serves as a final fabricating operation by 
smoothing out irregularities of form by 
plastic straining, so that under subsequent 
service conditions, the strains will be 
wholly elastic and within safe limits. 
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STATISTICAL CONTROL OF WELD QUALITY 


INTRODUCTION 

The term statistical arialysis generally 
refers to the handling and analysis of 
numerical data. More specifically, statis¬ 
tics deals with the analysis of the vari¬ 
ability of repetitive data. This useful 
technique has found extensive application 
in many fields where repetitive data must 
be gathered, analyzed and interpreted. 
The application of statistics to control 
weld quality will be evident to anyone 
familiar with the details and problems 
encountered in welding production and 
research. 

It is not the intention of this chapter 
to trace the theory and mathematical 
analysis which lie behind the practical 
statistical procedures which will later be 
described, but rather to describe in simple 
terms the philosophy behind statistical 
procedure and to present briefly several 
successful statistical methods in such a 
manner that anyone who wishes to apply 
them to his own manufacturing process 
can do so. Methods will be presented 
for quantitatively expressing quality and 
variability, making it a relatively simple 
matter to make predictions and estimates 
which are mathematically as well as 
economically sound. Emphasis will be 
placed on methods closely allied to the 
problems encountered in production in¬ 
spection and quality control at a sacrifice 
to other important statistical fields such 
as correlation, tests of significance, and 
design of research experiments. 

The basis for modern statistical theory 
dates back to the eighteenth century with 
the discovery of the Normal Curve by the 
French mathematician, De Moivre. This 
curve was later rederived independently 

* Prepared by a committee consisting of 
Harold Robinson, Air Reduction Sales Co., 
Chairman; G. A. Moore, University of Penn¬ 
sylvania; E. H. Van Winkle, Rensselaer Poly¬ 
technic Institute. 


by LaPlace and the famous astronomer. 
Gauss, who found that this distribution 
could be used to describe variations of 
errors of observation. Actual statistical 
use of the Normal Law Integral starts 
with the work of Gauss. Important 
contributions were made to the science 
by workers in many fields, and in 1924 
Dr. Walter Shewhart introduced the 
control chart and a new attitude of thought 
in terms of the control of quality of 
manufactured products. The work of 
Dr. Shewhart and his associates of the 
Bell Telephone Laboratories gave tre¬ 
mendous impetus to the industrial use 
of statistics in quality control work. 
During World War II, with the encourage¬ 
ment of the Office of Production Research 
and Development of the War Production 
Board, many more companies became 
familiar with the advantages of efficiency 
and economy to be gained with the use 
of statistical quality control. 

VARIABILITY 

Variability appears to be an inherent 
characteristic of all processes, both those 
occurring in nature and those in manu¬ 
facturing. The purpose of statistical 
analysis is largely to examine this vari¬ 
ability and to detect when and to what 
extent extraneous factors enter to alter 
the variability pattern. 

Types of Variation 

There are essentially two types of 
variation treated by statistical analysis. 
The first type of variation is described by 
Gauss’s classical law of errors of observa¬ 
tions and is used to analyze errors of 
measurement for a particular test method. 

If observations or measurements of a 
single phenomenon or of a single physical 
object are made with sufficient refinement, 
there will be in general as many different 
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values as observations. If the observa¬ 
tions are randomly selected and made 
under essentially the same conditions, 
it is usually assumed that the distribution 
of observations can be described by rela¬ 
tively simple mathematical relationships. 


usually small compared with actual 
variations in quality characteristics. In 
view of these two types of variation one is 
forced to the conclusion that the absolute 
value of any quality characteristic must 
be unknown. 


Table 1—'Typical Frequency Distribution Analysis 
Shear Strength of Single Spot Welds, 24S-T Alclad Aluminum Alloy, 0.0-10 to 0.040-In. Sheet 


Class 
Interval, 
Lb. (» = 20) 

Mid-Point, Number 

Xm, Lb. Interval 

in 

,/ 

Cumulated ^ _ 
No. 

Xm - X' 

• 

1 

fd 

fd * 

325-344 

334.5 

1 


1 

-9 

-9 

81 

345-3G4 

354.5 

1 


2 

-8 

-8 

64 

365-384 

374.5 

6 


8 

— / 

-42 

294 

385-404 

394.5 

/ 


15 

-6 

-42 

252 

405-424 

414.5 

16 


31 

— 5 

-80 

400 

425-444 

434.5 

62 


93 

- 4 

-248 

992 

445-464 

454.5 

80 


173 

-3 

-240 

720 

465-484 

474.5 

108 


281 

_ o 

-216 

432 

485-504 

494.5 

136 


417 

-7 

- 136 

136 

505-524 

514.5 

= X' 86 


503 

0 

0 

0 

525-544 

534.5 

104 


607 

+ 1 

4-104 

104 

545-564 

554.5 

75 


682 

+ 2 

4-150 

300 

565-584 

574.5 

31 


713 

-f 3 

+ 93 

279 

585-604 

594.5 

25 


738 

+ 4 

+ 100 

400 

605-624 

614.5 

14 


752 

+ 5 

+ 70 

350 

625-644 

634.5 

4 


756 

4-6 

+ 24 

144 

645-664 

654.5 

0 


756 

+ 7 

0 

0 

665-684 

674.5 

0 


756 

+ 8 

0 

0 

685-704 

694.5 

1 


757 

4-9 

+ 9 

81 



2/ = 757 

= n 



-1021 2/J2 = 

5029 







+ 550 







M 

II 

i 

- 471 


Computation of the mean (Formula 

5) 

Coinputat 

ion of standard deviation (Formu 

la 13) 


X = X' + 

(-)• 




1 

i 




\ n / 



n 

\ n / 



= 514.5 

- HI X 20 



- 2oVI^ 




757 



757 

\ 757 / 



= 502.1 

lb. 



= 49.8 lb. 




The second type of variation describes 
the actual quality distribution of a 
material. Simply, no two things are ever 
made exactly alike. The magnitude of 
variation depends upon the details of the 
process, for example: natural material 
variation, operator skill, machine vari¬ 
ability, gage wear. A product character¬ 
istic which is the result of hand operations 
may have relatively large variations (size 
of weld, spot weld spacing). On the other 
hand, variations which are the results of 
machine operations may be comparatively 
small (gage blocks, gears, ball bearings). 
Obviously, with any manufactured prod¬ 
uct, variation is merely a matter of 
degree. 

In industrial quality control, variations 
of the first type are seldom considered 
since variations of measurements are 


Statisticians refer to the group of obser¬ 
vations resulting from the variations of 
repetitive data as a frequency distribution. 
Any one (or none) of the observations 
from this distribution may be the true 
value or true average value. It will 
clarify thinking in terms of engineering 
materials and processes in general if all 
measurable characteristics are visualized 
in this manner. The variability of a 
measurable characteristic is as much a 
property of the object or the method of 
measurement as its tensile strength, elec¬ 
trical resistance or surface finish. 

Attributes and Variables 

The simplest type of inspection consists 
of separating the good from the bad. 
A good deal of material is inspected in this 
manner for economic reasons since many 
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quality characteristics are easily adapted 
to mechanical inspection of the go no-go 
type. Many quality characteristics which 
are difficult to express in quantitative 
terms can be separated in this manner, for 
example: scams, cracks or porosity in 
welds. This type of inspection is called 
inspection by attributes. An object which 
is unacceptable is called defective as 
opposed to an object which is satisfactory 
or effective. The ratio of the number of 
pieces that are defective to the total 
number of pieces under consideration is 
the fraction defective. Inspection by at¬ 
tributes is usually non-destructive. 


DEFINITION OF TERMS AND 
MATHEMATICS 

Frequency Distributions 

The variability pattern can be examined 
both by graphical and by mathematical 
means. If the graphical procedure is to 
be followed and the quality characteristic 
is measured by the method of variables, 
the data should first be thrown into the 
form of a frequency distribution. An 
illustration of this form of presentation 
appears in Table 1. It will be observed 
that the total range of the observations is 
broken into equal intervals and for each 



SHEAR STRENGTH-LBS. 


Fig. 1.—-Histogram, Data from Table 1 


A second type of inspection is inspection 
by variables. The quality under considera¬ 
tion is measured on some continuous scale 
and quantitatively expressed. The test, 
particularly in welding, is often destruc¬ 
tive. Inspection by the method of vari¬ 
ables results in an appreciable increase in 
efficiency as reflected by a smaller re¬ 
quired sample.* Economically, the de¬ 
struction of good pieces in the sample 
may outweigh the advantage of a smaller 
sample. 

* Sample is defined as a group of individual 
specimens drawn from an aggregate of such 
specimens. 


interval the number of observations is 
tabulated. Graphically this distribution 
may be shown in various ways and the four 
illustrated in Figs. 1 to 4 will be found 
useful. On Fig. 1 the data are shown in 
the form of a histogram. This type of 
chart presents the most complete picture 
of the distribution. The width of the 
columns expresses the class interval 
while the height indicates the number of 
observations falling within the range of the 
class interval. Figure 2 illustrates a 
simpler form of presentation, th e frequency 
polygon, and is constructed by omitting 
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the separate columns of Fig. 1 and merely 
connecting the mid-points of the tops of 
the columns. This method of presenta¬ 
tion facilitates the plotting of several dis¬ 
tributions on one chart for comparison. 
The cumulative distribution of Fig. 3 is 
known as an ogive and is constructed by 
plotting the cumulated frequency (or 
cumulated percent of total frequency) at 
the upper limit of each class interval. 


are substantially continuous, the selection 
of the class interval boundaries will be 
determined mainly by the number of 
classes desired. If, however, there is any 
considerable discontinuity (as, for instance 
if the data of Table 1 had been recorded 
only to the nearest even multiple of 10 
lb.) the boundaries of the class intervals 
should have been located halfway between 
the closest of two possible recorded values. 



20 


18 


16 


14 


12 


111 
10 o 


cc 

8 CL 


A point on a curve of this form is to be 
read as the total number or percent of 
welds from the vertical scale having a 
strength less than the corresponding value 
on the horizontal scale. One advantage of 
this form is that the selection of the class 
interval size is less critical in the deter¬ 
mination of the shape of the curve than is 
the case with the frequency polygon. 
If it is otherwise desirable class intervals 
may be selected so as to have varying 
widths. The ogive will also facilitate the 
comparison of the number of items at the 
extremes of different distributions. 

The selection of the class interval to use 

• 

m constructing the frequency distribution 
requires some care but it is not possible to 
set up completely objective rules. If the 
readings from which the data are compiled 


If as in Table 1 intervals of 20 lb. are 
used the boundaries would then have to be 
at 325, 345, 365, etc., pounds. The rule 
may be stated that when there are points 
at which readings cluster, the class inter¬ 
vals should be planned so that the points 
of cluster are symmetrically distributed 
within each class about its mid-point. 
Provided that there are no points of 
cluster, a preliminary analysis may be 
made by selecting an interval which will 
be convenient for tabulation and which will 
give a total of from 15 to 25 classes. It 
will then be necessary to experiment with 
different intervals until the desired result 
is obtained. During this process the 
following rules should be kept in mind: 

Small intervals tend to bring about 
irregularities in the contour of the dis- 
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tribution. These irregularities may be 
the result of chance factors and have 
no real significance. 

Large intervals lead to a smoothness 
which may cover up irregularities of a 
significant character. 

A study of a frequency distribution such 
as the one illustrated in Table 1 should 
have for its purpose either of the following 
objectives: a comparison with an ob¬ 

jective standard or mathematical model, 
or a comparison with one or more other 
empirical distributions so as to assist in the 
isolation of causes of similarity or differ¬ 
ence. 


distribution, it will be simpler to compute 
the descriptive measures from the dis¬ 
tribution itself. 

Basic Symbols 

X u Xu Xu ...^ n = any set of n ob¬ 
served values. 

XX = the algebraic sum Xi + X 2 -f 

X 3 + ... 4- ^n. 

n — number of observed values.. 

= number of values falling into a 
single class interval in a frequency 
distribution. 

X m = the mid-point value of a class 
interval. 

= the width of a class interval. 



Fig. 3.—Ogive, Cumulative Distribution 

Data from Table 1 


Mathematical Analysis 

In order to facilitate a quantitative 
comparison among distributions a number 
of mathematical measures have been 
devised to describe the important char¬ 
acteristics of a set of measurements. 
These measures may usually be computed 
either from the original data or from the 
frequency distribution. If the sample is 
small it is better to calculate the measures 
from the ungrouped data. If, however, 
the data are made up of a large number of 
items, particularly if the data have al¬ 
ready been grouped into a frequency 


Measures of Central Tendency .—A meas¬ 
ure of central tendency is a single quan¬ 
tity which is chosen to give the best 
representation of the data as a whole. 
The most commonly used measure for this 
purpose is the arithmetic mean or average 
which will be referred to hereafter simply 
as the mean. The mean, can be 
defined in terms of the data as follows: 

-r? _ X\ ~f" X 2 + + • • • Xn = (J) 

A ~ n n 

If the values are large some reduction m 
computation time may be realized > 
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selecting some arbitrary point near the 
middle of the range and measuring the 
deviations first from this point. If the 
arbitrary point is indicated as X' each 
deviation will be X — X'. The mean may 
then be calculated precisely as follows: 

X = X’ + (2) 

n 

If the data are in the form of a fre¬ 
quency distribution the mean may be 
calculated: 


X = ^ (3) 

n 

where X m is most conveniently chosen as 
the mid-point of class interval. 

If an arbitrary mean is employed 

X = X’ + ~ X>) (4) 

n 

Since the class intervals are usually of 
equal width, it is possible to simplify 
the calculations still further by expressing 
each deviation from X' in terms of class 
interval units. Formula 4 can be re¬ 
written 

X = X' + i (5) 

where d = (X m —• X')/i and i = the value 
of the class interval. This procedure 
is clarified by the example in Table 1. 
The arbitrary mean X' is selected as 
514.5 lb. at the mid-point of the class 
interval. The class interval i is 20 pounds. 
The column headed fd gives the approxi¬ 
mate total deviation of all items in their 
respective classes by treating the items 
in each class as if they had the single 
value of the mid-point of the class. The 
total of this column will give the value 
2/<i in class interval units necessary for 
substitution in formula 5. 

Other Measures of Central Tendency .— 
The median is the value which, when 
located on the arrangement of items in 
order of magnitude, will leave an equal 
number on either side. 

The mode is the most typical value and 
may be found as the highest point on a 
smooth distribution curve. The mode 
may be a more significant measure of cen¬ 
tral tendency than the mean in represent¬ 
ing an unsymmetrical distribution. On 
the other hand, both the median and 
the mode have the disadvantage of not 


being related mathematically to the 
quantitative values of the original data. 

Measures of Dispersion. A measure of 
dispersion of a frequency distribution is a 
measure of the scatter of the individual 
items forming the frequency distribution. 
Since the scatter will determine the pro¬ 
portion of values which will lie outside the 
tolerance limits or the closeness to which 
such limits are approached, the measure 
of such scatter becomes very important. 



Fig. 4.—Ogive, Cumulative Distribution on 

Probability Paper 

Data from Table 1 

The range is the difference between 
the extreme values. This measure is 
simple to compute but it has the dis¬ 
advantage of being influenced by the 
erratic values found at the ends of a dis¬ 
tribution. In Table 1, for example, there 
is a single value in the highest class in¬ 
terval which must have a value at least 
40 lb. higher than the next lower value. 
If this specimen had been omitted the 
range would have been changed con¬ 
siderably although values of all the other 
756 items remained the same. The range 
therefore cannot be considered as being 
actually descriptive of all the data, though 
it may be applicable to small samples. 

The average deviation is a measure of 
dispersion which avoids the weakness of 
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the range by employing all the data in 
its computation. 


(Average Deviation) AD 



The numerator expresses the sum of all 
the deviations of the items from their 
mean with all signs considered as positive. 

This measure of dispersion is easily 
understood and enables the dispersion of a 
number of lots of data to be compared on a 
quantitative basis. However, neglect of 
the signs limits the value of the average 
deviation in mathematical applications. 

The standard deviation as a measure of 
dispersion avoids the disadvantages of the 
average deviation by the process of squar¬ 
ing all the separate deviations. 


(Standard Deviation)©- 



It will be seen that the standard deviation 
is the root-mean-square (rms.) of all the 
deviations of the items from their mean. 

The computation of the standard devia¬ 
tion can be simplified by selecting some 
point other than the mean and first cal¬ 
culating the average squared deviation 
from this selected point as was done in 
computing X. The formula for the 
standard deviation then becomes: 

(7 = \/ s(Ar ~ x ') 2 _ (x' - xy (8) 

n 


If the arbitrary point X' is taken as zero 
so that the squares of the deviations 
become the squares of the actual recorded 
values the above formula becomes: 



Of the above formulas (9) is particularly 
applicable to the use of computing ma¬ 
chines while (8) will involve smaller num¬ 
bers so as to be useful when a computing 
machine is not available. 

If the standard deviation is to be com¬ 
puted f rom data in the form of a frequency 
distribution, formulas 7, 8 and 9 can be 
rewritten, respectively: 

~ ^ ( 10 ) 

n 


—- (X' - xy (ii) 

n 


XXl - x s (i2) 

n 

It is possible to simplify the computations 
when all class intervals are of equal 
width by using the same method as was 
employed in the computation of the mean. 
The root-mean-square deviation is first 
computed in units of class intervals and 
then multiplied by the class interval 
length to bring the answer into the units 
of the original data. Formula 11 can be 
rewritten in terms of d and i as follows: 

<» 

This method is illustrated at the bottom 
of Table 1. 

The term variance is applied to the 
square of the standard deviation. 

A useful measure of dispersion is the 
coefficient of variation . This merely ex¬ 
presses the standard deviation as a percent 
of the mean as indicated by the formula: 

C v = £ 100 (14) 

The coefficient of variation may be ap¬ 
plied to the establishment of standards of 
variability of product when the variability 
can be considered as varying approxi¬ 
mately in proportion to the mean. If, for 
example, samples of spot welds show that 
the coefficient of variation remains con¬ 
stant over a considerable range of thick¬ 
ness of the parts welded, it will be possible 
to estimate the standard deviation in 
any case when the mean is known. When 
used to describe a process the term 
co?isistency has been applied to the co¬ 
efficient of variation. 

Skewness .—The term skewed is applied 
to a frequency distribution in which the 
area under the curve on one side of the 
peak is greater than on the other, and the 
curve is said to be skewed in the direction 
of the greater area. Under conditions 
of skewness it will be found that the 
mean will be moved away from the mode 
in the direction of the skewness and the 
median will be moved in the same direc¬ 
tion but to a less amount. Mathematics 
measures may be used to evaluate skew¬ 
ness quantitatively and are given in mos 
texts on statistical methods. 




a = 
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The Normal Curve 

The general shape of the distribution in 
Fig. I is frequently found to be character¬ 
istic of the distribution of measures of 
quality found in lots of product produced 
under controlled conditions. It is possible 
to approximate this form by a mathe¬ 
matical curve called the normal or Gaus¬ 
sian curve. A normal curve has been 
fitted to the data of Table 1 in Figs. 1 to 4. 
This fitted curve has the same param¬ 
eters (mean and standard deviation) 
as the original data. One great advantage 
of this curve is that only these two param¬ 
eters are necessary to describe tlie curve 
completely. It is therefore possible to 
construct a table that will show the pro¬ 
portion of items in a normal distribution 
which lie between the mean and any dis¬ 
tance from the mean expressed in units of 
standard deviations. If the mean and 
standard deviations are known for a lot of 
data which follows the normal curve it 
will be possible to refer to the table and 
ascertain how many items will fall within 
any assigned range. This table of normal 
curve areas can be found in many sources* 
and a sample of values is shown below: 



Limits 

Percent of 
Total Area 

X 

=*= 0.0745(7* 

50.00 

X 

=*= 1 a 

68.26 

X 

=*= 2(7 

95.46 

X 

It 

• • 

* 

09.78 

X 

ztz SO 

100.00 


'* As used in this chapter the symbol ^ means 

the included range, i.e., X — 0.074 5a to X -f- 
0.0745a. 

The first limit above gives the range 
known as the Probable Error. At the 
extreme limits nearly all the curve falls 
in a range of three standard deviations on 
either side of the mean. 

Before using the table of the normal 
curve it is necessary to be certain that 
the normal form is applicable to the data 
under investigation, but it is often possible 
to check this agreement by reference to 
other observations obtained under similar 
conditions. In any particular case the 
agreement with the normal curve can be 
examined most easily by plotting the ogive 
on probability paper as shown on Fig. 4. 
On this type of graph paper the ordinate 
scale is so designed that the ogive of the 
normal distribution becomes a straight 

* See Bibliography at end of chapter. 


line. The agreement of the particular 
ogive with a straight line will therefore 
indicate the validity of the assumption 
that the distribution is normal in form. 

When a distribution departs from the 
normal form while at the same time other 
evidence points to the fact that the normal 
form is to be expected, the discrepancy 
may throw light upon factors affecting 
the process under investigation. 

If the distribution is flat on top with no 
definite mode or if there is more than one- 
peak, it is probable that the process is not 
under control so that in effect the dis¬ 
tribution is made up of several separate 
distributions each with its own mode. 
The distribution of Fig. 1 shows this lack 
of control. It appears that during part 
of the process period from which the 
samples were taken the mode was at 
about 500 lb. but that during another 
period the quality was better with a mode 
at 530 pounds. If there is a slow shifting 
about of the process, the top of the dis¬ 
tribution may merely be flattened out so 
as to obscure any particular modal tend¬ 
ency. 

If the distribution under examination 
has been screened by a previous inspection 
there will be evidence in the form of an 
abrupt cutoff at one or both ends of the 
curve. 

The distribution may be fairly smooth 
but show skewness or lack of symmetry. 
This characteristic may be the result of 
lack of control when no additional peaks 
are produced. It may also result from 
the fact that the quality measured is not 
affected in direct proportion by the factor 
which is actually controlled in the process. 
An example may be found in the case of 
electrical capacitors. A particular lot 
measured as to capacity showed a pro¬ 
nounced skewness because of variations in 
thickness of the dielectric. Samples of 
dielectric used showed a normal dis¬ 
tribution but since the capacity varied 
inversely with the thickness of the dielec¬ 
tric, the capacity distribution was skewed. 

In order to study the shape of a dis¬ 
tribution curve as has been described it is 
necessary to have a rather large number of 
items in the sample since otherwise chance 
effects will lead to irregularities in the 
shape of the curve which have no actual 
significance. The determination in any 
particular case of the significance of varia¬ 
tions in shape between two distributions 
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can be examined by means of the Chi- 
square test.* 

Standard Error of the Mean 

Just as the shape of the distribution of a 
sample may vary by chance from the shape 
of the distribution from which the sample 
was taken and also from other samples 
from the same lot, the mean of the sample 
itself is subject to chance variations. 
Since the mean is so important in de¬ 
scribing a distribution, it is desirable to 
ascertain in the case of any particular 
sample just how good the mean is in 
telling what is the mean of the parent lot. 
The formula for the standard deviation 
of the means of successive samples is: 



where a' is the standard deviation of the 
lot from which the samples are taken and 
n is the size of the sample. The symbol 
<Tg is known as the standard error of the 

mean. The frequency distribution of 
sample means will be normal in form and 
therefore it will be possible to refer to a 
table of normal curve areas and estimate 
the proportion of sample means which will 
deviate by more than any assigned amount 
from the lot mean. 

If the standard deviation of the lot is 
unknown but is estimated from the single 
sample, the following limitations must be 
recognized: 

(1) The standard deviation of the 
sample tends, on the average, to be less 
than the standard deviation of the lot 
from which it was taken. This may be 
allowed for by use of the formula 

* = I (16) 

where <r is the best estimate of the stand¬ 
ard deviation of the lot to be made from 
the sample standard deviation, <r s is the 
observed standard deviation of the sample 
and n is the size of the sample. The 
standard error of sampling may be cal¬ 
culated by combining the preceding two 
formulas (15 and 16) as follows: 



(2) When the sample is small (less than 


* See Reference 7i n bibliography or any stand¬ 
ard text. 


30) the substitution of the standard 
deviation of the sample for the standard 
deviation of the lot, even though an ad¬ 
justment is made to allow for the bias due 
to size, will involve the substitution of a 
value which may be quite different from 
the actual standard deviation of the lot. 
If the standard deviation of the lot is 
estimated from a single small sample the 
normal curve of areas should not be used 
to estimate the probable agreement be¬ 
tween sample mean and lot mean. Stu¬ 
dent’s t Test should be applied and in place 
of the normal area table the table for t 
should be used. An adaptation of this 
table for determining the reliability of 
single sample means may be found in 
various texts.* 

The Binomial Distribution 

So far the data considered for analysis 
have been of the type which could be 
considered as essentially continuous. In 
many situations, such as in acceptance 
sampling, the quality data may be of a 
different character and will be expressed 
in terms of the fraction of a lot which is 
defective. The probability of obtaining 
a random sample with a certain fraction 
defective from a lot which has a particular 
proportion defective may be calculated 
as follows: 

If a sample of n pieces is taken at 
random from a lot in which p is the frac¬ 
tion defective and q is the fraction good 
so that p = 1 — q, the probability of 
finding in the sample 0 to n defective 
pieces will be as follows: 


Number of 
Defectives 

in Sample Probability of Occurrence 

0 (q)n 


1 

2 

3 

r 


(/>)(tf) n-1 » 

<*>•(«>—sfei* 


v_n(n — l)(n —2). 


(p) r (q) 


.(»-r +1) 
(18) 


The sampling distribution obtained as 
described above is called the binomial 
distribution because the various probabili¬ 
ties of occurrence of from 0 to n defectives 
in a sample of size n are obtained from the 
terms of the expansion of the binomial 


+ />)". . . 

Figure 5 shows the form of the distribu- 

>n of two binomials for fraction defec- 

re. (The curve could have been drawn 
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tor number of defectives instead of fraction 
defectives.) The proportion of defectives in 
the lot from which the samples are taken 
is the same for both curves, p = 0.10. 
The difference lies in the sizes of the 
sample. One curve gives the probabilities 
for samples of 20 each, the other for 
samples of 100 each. It will be ob¬ 
served that the first, curve is skewed to¬ 
ward the right while the other is nearly 
symmetrical. A comparison between the 
second curve and the normal curve in Fig. 
I will show a close resemblance. The 


case, a table of normal curve areas can be 
used in the prediction of the probabilities 
for samples. The normal curve can be 
considered as a satisfactory approxima¬ 
tion to the binomial if the product pn 
is greater than 4. 

In quality control problems it is fre¬ 
quently required to find the probability 
of occurrence of a random sample with 
more than a certain proportion of de¬ 
fectives. This problem may be solved 
by summing the separate probabilities 
given by the terms of the binomial ex- 



I 00 


Fig. 5.—Binomial Distribution for /> = 0.10, n = 20 and n = 100 


expected relationship between the normal 
and the binomial distributions may be 
summarized as follows: 

(.1) If P — q = 0.50 the binomial will 
be symmetrical and will approach the 
normal in form as « becomes larger. 

(2) If p 5^ q 9^ 0.50 the binomial will 
be skewed but as n becomes larger this 
skewness will become less. Therefore as 
n becomes large the departure of the bi¬ 
nomial from the normal form will be 
slight so that an assumption of normality 
may be considered satisfactory for most 
purposes. 

Conditions (1) and (2) may be com¬ 
bined into a single condition which can 
be applied to test whether in a particular 


pansion and subtracting the result from 
1.00. For instance, suppose a lot has 
10 c o defective and it is required to find 
the probability that a sample of GO will 
have more than 10 defectives in it. The 
probabilities of obtaining all the separate 
number of defects from 0 to 10 can be 
calculated. The sum of these fractions 
subtracted from 1 will give the prob¬ 
ability of the sample having more than 
10 defectives. The solution in this 
manner is very laborious, and if it can be 
assumed that the distribution of the 
number of defectives in samples of GO 
will be normal or nearly so a much easier 
method of solution can be employed 
Since in this case pn is equal to G the 
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assumption of normality may be made. 
The standard deviation of a binomial 
distribution is given by the formula: 


is above the mean. If the limit is below 
the mean the error will be in the opposite 
direction. 


<J C = Vpqn (19) 

where a c is the standard deviation of the 
number of defectives in successive 
samples: 

For the above example the standard 
deviation is calculated as follows: 




2.3 


The numerical value of the probability 
of finding more than 10 defects in a random 
sample is represented by a portion of the 
area under the curve of the binomial 
distribution for number of defects. Since 
the area under the entire distribution is 
equal to 1 and represents the sum of the 
probabilities of finding 0 to 60 defects, 
the area between 10.5 and CO represents 
the probability of finding more than 10 
defects. Because pn = 6, the binomial 
curve can be closely approximated with 
the normal curve and the area in question 
can be solved by referring to a table of 
normal curve areas. This is done by 
expressing the limits of the area in stan¬ 
dard deviation units as follows: 


10.5 - 6.0 
2.3 


1.96 standard deviations 



where 6.0 represents the average number 
of defects per sample of 60 (p = 10%).* 
From the table of normal curve areas it will 
be found that approximately 2.5% of 
the curve lies beyond 1.96 standard devia¬ 
tions above the mean and it can be con¬ 
cluded that 2.5% of the samples of 60 
will have more than 10 defectives. 

If the conditions of the problem had 
been such that pn had been less than 4 
the solution would have been a poorer 
approximation with an error in the direc¬ 
tion of underestimating the proportion 
of samples above the limit when this limit 

* Since the normal curve is symmetrical about 
the average, proportional parts of the normal 
probability curve can be found in a table of areas 
ior values of the half of the curve included by the 
average and the ordinate in question, i.e., the 
area bound by the average and + ® = 0.50. To 
find the total area in question it is necessary to 
add the area bound by the average and — oo = 
0.50 and the area bound by the average and 
+ 1.96 a = 0.475 from a table of areas. The 
sum = 0.975 represents the probability of finding 
less than 10 defects. This value subtracted from 
1.000 equals 0.025. 


The Poisson Distribution 

A large proportion of the problems in 
quality control involve the consideration 
of situations in which p, the fraction de¬ 
fective, is quite small. Under such condi¬ 
tions a modification of the binomial 
distribution may be used in a form which 
is considerably easier to handle. This 
distribution is called the Poisson Dis¬ 
tribution and is the limiting form of any 
binomial as p becomes smaller and n 
becomes larger so that pn remains con¬ 
stant. The probability of the occurrence 
of varying number of defectives in random 
samples can be computed as follows: 

Number of 
Defectives 

0 

1 

2 
r 


The symbol e is the constant 2.718, the 
base of the natural logarithms. 

It will be apparent that the terms of the 
Poisson distribution are easier to com¬ 
pute than the corresponding terms of the 
binomial distribution. It is also apparent 
that there is only one parameter needed to 
determine a particular distribution, 
namely, pn — c, the average number of 
defectives in all the samples. It is there¬ 
fore possible to construct a simple chart 
which will indicate the maximum number 
of defectives to be expected for various 
values of pn. An example of such a chart 
is illustrated in Fig. 6. Tables have been 
computed which will give the summation 
for the terms of the Poisson distribution 
for varying values of pn so that any 
problem involving the determination of 
probabilities under the Poisson distribu¬ 
tion can be solved with the minimum of 
labor. 

The standard deviation of the Poisson 
distribution is given by the formula 

<T C = \/pn (21) 

This expression may be derived from the 
corresponding formula (19) for the bino¬ 
mial distribution a c = y/ pqn. If pis very 
small, q will be nearly equal to 1 andean 
be neglected. 


Probability of 
Occurrence 
e ~ n P 

npe ~" p 
(np)r__ 


rl 


e 


(20 
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In quality control work the Poisson 
distribution has two important applica¬ 
tions: 

(1) It makes possible the use of a single 
chart for the setting of sampling limits and 
thus avoids the use of formulas. 

(2) It permits the setting of sampling 
limits for a number of defects when both 
p and n are unknown provided n is large 
and pn is known. Such a situation arises 
in the control of the number of cracks 
in a fixed length of material. The sample 
is this fixed length and cannot be expressed 
in terms of n. The average number of 
cracks in the fixed length can be measured 
and will be found to be equal to pn. 



pn*£« AVERAGE NUMBER OF OEFECTS IN SAMPLE 

f^ig. 6.—Use of the Poisson Distribution to 
Determine the Maximum Number of Defects 
Expected in a Random Sample from a Given 
Lot for Probabilities of 95 and 99% 

STATISTICAL TESTING 
PROCEDURE 

Elimination of Sampling Bias 

Mathematical analysis of statistical 
data always assumes that the sample is 
completely random. That is, every speci¬ 
men in the entire lot has an equal chance 
of being selected. The physical model for 
such a purely random sample is chips 
selected from a bowl. Each chip has a 
number which marks that chip as a com¬ 
ponent of the universe represented by the 
totality of the chips in the bowl. The 
chips are thoroughly mixed and samples 
of n chips are withdrawn and recorded. 


The sample is replaced in the bowl, re¬ 
mixed and a second sample is selected. 
In this idealized experiment, samples are 
actually drawn from a constant universe 
under essentially the same conditions and 
are effectively random. The engineer 
attempts to approach the bowl experiment 
by controlling his process and method 
of sampling. A more thorough treat¬ 
ment of the subject of random sampling is 
beyond the scope of this chapter. Usually 
the engineer’s knowledge of the process 
and his inspectors will determine the 
procedure for best approaching random¬ 
ness.* 

The product of each producing unit 
should be properly represented in any 
sample or series of samples from which an 
inference is to be drawn. This obvious 
requirement is so often overlooked that it 
bears emphasis. 

Even though the engineer has gone to 
considerable trouble to insure that the 
specimens were selected in as random a 
manner as possible, he has no assurance 
that he was selecting specimens, in effect, 
from a single bowl universe. In other 
words, not only must the samples be 
randomly selected but they must have 
been made under essentially the same 
conditions. Suppose an observer is select¬ 
ing a series of chips from a bowl and from 
the samples of chips selected he attempts 
to draw an inference regarding the quality 
of the bowl universe. Suppose further 
that unknown to the observer, someone 
suddenly during the selection substitutes 
another bowl of chips whose parameters 
(average, standard deviation) are signifi¬ 
cantly different from the first bowl. 
Obviously, any estimates regarding the 
first bowl made from samples drawn from 
both bowls will be in error. The samples 
were not drawn from a statistically uni¬ 
form causal system and the data are said 
to contain assignable causes of variation 
which in this case was the sudden bowl 
substitution. Unless the data are statis¬ 
tically uniform a reliable estimate of the 
lot from the sample cannot be made. 
There is a statistical test for determining 
the existence of assignable causes of 
variation and which assists in deciding 

* A simple method for drawing a random 
sample from a large lot where there is no knowl¬ 
edge of the order of manufacture is to assign con¬ 
secutive numbers to each specimen. From a 
table of random numbers arbitrarily select con 
secutive listings and determine the sample from 
the specimens with the corresponding numbers 
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that predictions are being made from a 
controlled and homogeneous system. The 
test is made by applying the sampling 
results to a control chart (described in 
detail on page 1032). If the control chart 
indicates lack of control, no reason exists 
for believing that the specimens are part 
of a single universe and estimates of the 
quality of the product will be open to 
question. 

Sampling Inspection Plans 

Whenever it is more economical to 
tolerate the possibility of a small portion 
of defects finding their way into a process 
than to inspect 100%* or where the test 
method is destructive, the specification 
will usually indicate sampling a portion of 
a lot or a periodic portion of a continuous 
production. 

It is axiomatic that any plan which does 
not provide for 100% inspection may lead 
to a wrong decision. If inspection is 
non-destructive and the economic or 
functional requirements are such that 
defects are inadmissible, 100% or tandem 
(repeated) inspection must be used. 
When the test method is destructive the 
nearest approach to complete inspection 
is drastic testing (see page 1038). 

If it were true that when a sample is 
inspected and found to be of quality Q, 
one could immediately and correctly 
infer that the quality of the lot was also 
Q, there would be no sampling problem. 
It can be shown, however, based on the 
laws of mathematical probability, that the 
fraction defective of small samples taken 
from a large lot of fairly good quality will 
be less than the true fraction defective of 
the parent lot more often than it will be 
greater. The relationship between the 
results of the sample, and the parent lot 
is a function of the sample size, the lot 
quality and the tolerated risk of error. 

Statistical ATethods for Determining 
Sample Size. —When first initiating a 
test program, whether this be for purposes 
of inspection or of investigation, few or no 
data are available regarding precision and 
no precise determination of the proper 
sample size is possible. Since uncontrolled 
guessing on this point so frequently leads 
to wasted effort, either in the collection of 
results which later prove to have no sig- 

* 100% inspection assumes 100% inspection 
efficiency; practical experience shows that this 
is seldom achieved 


nificance, or in making an excessive number 
of tests, it is necessary to have some 
method of estimating the proper sample 
size before data are available. One such 
estimate can conveniently be made in 
terms of the binomial distribution (see 
page 1018). This estimate is particularly 
applicable to simple yes-no attributes, 
such as the proportion of welds which 
break in a bend test, but can be extended 
to many related problems. 

It has been shown for the binomial 
distribution that the standard deviation 
of the number of defectives c is: 


<?c = y/pqn 

A reasonable guess for the value of the 
maximum proportion defective, p, can 
usually be made from general experience 
with the material or past records, or from 
the first few preliminary tests. The 
desired control statistic, standard devia¬ 
tion of the fraction defective , then becomes: 



If <r p is now set at some suitable value, 
i.e., 1%, a reasonable sample size, n, 
is easily estimated in terms of the pre¬ 
sumed values of p and of q (q = 1 — p). 

The binomial formula (22a) leads 
directly to a handy reference table first 
published by T. H. Brown of Harvard 
University. A modification of this is 
shown as Table 2. This table shows the 
number of pieces which must be included 
in the sample, as a function of the pre¬ 
cision as a percentage of the whole, when 
each piece is tested only for a simple 
attribute, such as good or bad. It thus 
applies specifically to problems such as 
good and bad spot welds, the proportion 
of people who intend to vote for a presi¬ 
dential candidate, and other single choices. 
It must again be strongly emphasized 
that the number of pieces in the sample 
tested is entirely independent of the 
number actually made, or the size of the 
population, provided only that all minor 
groups are proportionally represented. 

Table 2 may be extended, with little 
error, to the estimation of sample size 
when there is more than a single choice. 
Thus several sections of a test length of 
arc weld might be examined for cracks, 
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and the length thus rated good—fair—bad, 
or perhaps four-tenths bad. In such 
cases increase in choice is equivalent to 
more samples, so the necessary number of 
samples may be reduced in proportion, 
i.e., to half for three classes of the attribute, 
or to one-ninth for ten classes. It may 
also be noted that since pyi is more than 
5 for most of the usable part of the table, 
the departure from a normal distribution 
is small and there is little error in applying 
the same reasoning to those common 
measurements which, while made on an 
apparently continuous scale, are actually 
known by common experience only to 
place the material in one of a few distin¬ 
guishable classes. Notch-impact tests, for 
example, are often of this character. 
When, however, the test scale is actually 
a continuous variable, a better estimate 
of sample size can be determined from a 
table based on Student's distribution of t, 
for example by working backward in 
Table II of the ASTM Manual on Pre¬ 
sentation of Data, Supplement A. 

Cases are frequently encountered where 
c is measurable, but p cannot be deter¬ 
mined. For example, the magnetic in¬ 
spection of arc welds might indicate an 
average of two cracks per foot of weld 
length, but the cracks might vary in 
length, or grow with time, and the idea of 
the proportion of the weld which did or did 
not crack could be meaningless. In such 
an example, the number of places in 
which a crack might have started is 
obviously very much larger than the 
number of cracks, whence q will for all 
practical purposes equal 1, so that the 
Poisson distribution will apply. The 
standard deviation for this distribution 
has been stated: 

a c = \/ pn — y/ c 

where c is the total number of cracks (de¬ 
fects) which have been detected (p 
and n unknown). The average number of 
defects in an arbitrary amount (length) 
of the material will be indicated by c. 
It will be found more useful in this case 
to express the range of error in terms of 
the Coefficient of Variation instead of a c 
where 


C V (c) 


- X 100 = 100 — 

C C 


100 
V C 


(23) 


In other words, C v is actually the number 
of standard deviations per unit defect 


expressed in percent. Thus, if the 
average number of cracks per unit length 
of weld is to be determined, with C v Cc ) = 
5%, (a probable error of 3%), it will 
be necessary to examine sufficient ma¬ 
terial to find 400 cracks, irrespective 
of the actual amount of material welded or 
the length which might need to be ex¬ 
amined to find this number of cracks. 
Similarly, a coefficient of 10% would re¬ 
quire finding only 100 cracks, while a 
coefficient of 1 % would set the tremendous 
task of finding 10,000 cracks, as shown in 
detail in Table 2A. 


Table 2A—Size of Sample for Accuracy Within 
Prescribed Limits'—for Testing by Attributes 

by Poisson Distribution 

_ . 100ac 100 

Cv(c) — —:— — — t- 


Number of defective pieces, c, to be detected 


Total Range 
of Error, 
^SCvie) % 

CoefT. of 
Var., 

Cr(e)» °/o 

Number 

Defects, 

c 

±0. 1 

0.03 

9 X 106 

0.3 

0.1 

1 X 10‘ 

0.5 

0.17 

361 X 10* 

1.0 

0.33 

90,000 

2.0 

0.67 

19,000 

3.0 

1.0 

10,000 

4.0 

1.3 

5,640 

5.0 

1.7 

3,615 

6.0 

2.0 

2,500 

8.0 

2.7 

1,405 

10.0 

3.3 

900 

15.0 

5.0 

400 a 

20.0 

6.7 

225 

30.0 

10.0 

100 

40.0 

13.3 

56 

50.0 

16.7 

36 


° Sample size usually considered suitable for 
engineering research and investigation. 


Table 2A has been constructed in a 
manner similar to Table 2 to show the 
number of defective samples to be found 
when the Poisson distribution applies. 
In this case the precision is expressed as 
percentage of the average number of 
defects, which is a more rigorous condi¬ 
tion than percentage of the whole as used 
in Table 2. To obtain this more rigorous 
condition from Table 2 it is necessary to 
enter the table not with a directly, but on a 
higher line corresponding to the value of 
pa. This correction may be very im¬ 
portant when p is small and the less 
rigorous condition indicates a small sample 

size. . . . 

Acceptance Sampling Plans— Statistica 

analysis with regard to industrial pro uc 
tion problems is concerned, very often, 
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with the question, “Is the product accept¬ 
able?” rather than with the actual quanti¬ 
tative value of the product quality. The 
answer to this question is covered ex¬ 
tensively by the subject of Acceptance 
Sampling. 

It is a matter of importance to the 
consumer to know the size and quality 
of the sample required to insure himself 
that the submitted product is meeting 
his specifications. The supplier is con¬ 
cerned with what quality he must submit 
to the consumer in order to: 

Keep the number of lots rejected by 
the consumer to a minimum. 

Keep his manufacturing costs at a 
minimum. 

Keep his own inspection costs at a 
minimum. 

The statistician can specify the most 
economical sampling plan in order to 
accomplish a certain objective with a given 
risk of error, but only after the objective 
of the plan has been clearly stated as 
decided by the economic or functional 
requirements of the process. 

Most sampling plans, as a result of 
inspecting a small sample, recognize two 
types of risks and attempt to treat these 
risks in a quantitative manner. 

1. The chance of a sample giving a 
satisfactory indication, though coming 
from an unsatisfactory lot. This is 
the Consumer's or Buyer's Risk. 

2. The chance of a sample giving an 
unsatisfactory indication, though com¬ 
ing from a satisfactory lot. This is 
called the Producer's Risk. 

There are two sampling inspection plans 
developed by Harold F. Dodge and Harry 
G. Romig of the Bell Telephone Labora¬ 
tories, which are so simple to use and of 
such wide application that their use has 
become universal. These plans arc known 
as Single and Double Sampling and aim 
for maximum protection with a minimum 
amount of inspection. 

Nomenclature Used in Dodge-Romig Sam¬ 
pling Plans 

N = number of pieces in the grand lot. 
n = number of pieces in sample. 

P t = tolerance fraction defective. This 
represents the maximum fraction 
defective the consumer can tolerate 
in his process or final product. 

= Consumer’s Risk, the probability 
of accepting a submitted lot of no 


better than tolerance quality (risk 
of the first type). 

P p — Producer’s Risk, the probability 
of rejecting a submitted lot of a 
least tolerance quality (risk of the 
_ second type). 

p = process average (expected) fraction 

defective. 

c = acceptance number, the maximum 
allowable number of defective 
pieces in a sample. 

p L = Average Outgoing Quality Limit 
(AOQL), maximum value of 
average fraction defective in prod¬ 
uct after inspection and replace¬ 
ment of defects. 

The Dodge-Romig sampling plans as¬ 
sume inspection of lots of material by the 
method of attributes where the test is 
non-destructive. The operational pro¬ 
cedure for the Single Sampling plan is as 
follows: 

(a) Inspect a random sample of n 
pieces. 

(b) If the number of defects does not 
exceed the value c, accept the entire lot. 

U) If the number of defects exceeds 
c, inspect the entire lot. 

(d) Replace all defective pieces with 
non-defective pieces. 

Though in any sampling system, an 
acceptance number of c = 0 will give the 
smallest sample size, this acceptance 
number will not necessarily give the most 
economical sample size due to the amount 
of detailing (100% inspection) in the long 
run (step c ). 

The basis for this plan is briefly out¬ 
lined below, though the explanation is 
not necessary for the successful use of the 
construction charts. The average amount 
of inspection is expressed by the formula 

I = n + P p (N - n ) (24) 

where P p {N—7i) represents the number 
of pieces which must be detailed. For 
any sample size and given average fraction 
defective, there will be a definite prob¬ 
ability of obtaining 0, 1,2, 3, etc., defects. 

The sample size can be adjusted so 
that this probability is a constant (con¬ 
sumer’s risk, arbitrarily selected at 
0.10 in this plan). If the average 
lot fraction defective p increases, the 
probability of accepting the lol for a given 
acceptance number will be less than 10°, . 
and if p decreases the probability of ac¬ 
cepting will be greater than 10% . 
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For a given average fraction defective 
and lot tolerance fraction defective, the 
above formula can be solved for different 
acceptance numbers (integers from 0 
upward) by the use of the Poisson dis¬ 
tribution. There will be one sample size 
and corresponding acceptance number 
which will make I a minimum, so long as 
the process average remains constant. 
One of the requirements of this inspection 
plan is the estimate of the process average. 
Naturally, if the process average were 
known and there was assurance that it was 
being continually held at the same level, 
additional sampling inspection would not 
be necessary. Such is seldom the case. 
Although a fairly accurate estimate can be 
obtained from past records and the control 
chart, the sampling system guards against 
sudden poorer than normally expected 
quality due to unexpected poor lots of 
raw material, equipment breakdown, and 
human error. So long as the process 
average remains fairly constant, the 
manufacturer is reasonably sure that 
his inspection costs are being kept at a 
minimum for the conditions which exist. 
If the lot quality suddenly deteriorated, 
the producer would find that his inspection 
would suddenly increase and approach 
100%. This would immediately become 
an incentive for him to inquire into the 
cause and improve the quality of his pro¬ 
duct. One disadvantage of this method 
of inspection is that unless the process 
average is considerably better than the 
lot tolerance average, most of the lot will 
have to be detailed. If p = pi, 90% of 
the lot will be detailed. This is the cost 
one must pay for minimum risk against 
accepting poorer than specification qual¬ 
ity. The smaller the risk, the higher the 
cost. 

Charts for Solving Single Sampling 
Plan. —Figures 7, 8 and 9 are provided for 
the solution of the single sampling plan 
and determining the minimum average 
amount inspected. Tables are easily 
constructed from these charts for a given 
lot tolerance fraction defective and proc¬ 
ess average and the varying lot sizes 
which might be met in a particular shop. 
These charts are all determined for a 
consumer’s risk of 10%. Charts for lot 
tolerance fraction defective are partic¬ 
ularly useful where each lot is identified 
and earmarked for a specific location or 
where a customer is purchasing one lot 
at a time. 


Average Outgoing Quality Sampling 
System. —As p increases, the probability 
of detailing increases. If defects are 
replaced with non-defective pieces it will 
be found that p plotted against AOQ 
(Average Outgoing Quality) is a peaked 
curve. The peak of the curve is the 
Average Outgoing Quality Limit ( AOQL) 
or the maximum average fraction defective 
possible for a given sampling system 
regardless of the process average. Figure 
10 provides the solution for the AOQL. 
The AOQL is more useful than the lot 
tolerance fraction defective where lots 
lose their individual identity and may go 
any place within a plant or where several 
small lots are being shipped to a customer 
as part of a large lot whose AOQL is of 
interest. 

It should be noted particularly that the 
single and double sampling plans may be 
safely applied whether the process is in 
statistical control or not. A process 
which is not in control will be forced to 
100% inspection when the quality becomes 
low. Sampling inspection can be applied 
during any stage of the manufacturing 
process. The lot tolerance defective or 
AOQL and the consumer’s risk depend 
on the requirements of the process which 
include cost of inspection, rework or re¬ 
placement, and the cost to the manu¬ 
facturer either in dollars or good will, 
resulting from defective pieces finding 
their way to the consumer. 

Illustrative Example 

A manufacturer makes a welded part 
which is subject to a non-destructive 
test such as magnetic inspection. One 
hundred percent inspection is neither 
economically possible nor functionally 
necessary. 

Given: 

Lot size, N = 5000 

Specified lot tolerance, pt = 5% 

Process average quality, p = 1.5% 

Find: 

1. Single sample plan which will give 1 
minimum amount of inspection. 

2. Average amount of inspection re¬ 
quired per lot. 

Calculations: 

Referring to Fig. 7 

p/p t = 0.015/0.05 = 0.3 
p t N = 0.05 X 5000 = 250 
Acceptance number c = 9 

Referring to Fig. 8 
p t N = 250 
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Acceptance number c — 9 
pin = 14 

Sample size, n = 14 /p t = 14/0.05 

n = 280 

Referring to Fig. 9 

p/p, = 0.3 
ptN = 250 
pjmm. = 17 

Min. Av. Inspected, / (min.) = 
17/0.05 = 340 

Solution : 

1. Sampling plan: n = 280, c = 9. 

2. Average amount of inspection per 
lot = 340. 

If the requirements of the problem are 
based on AOQL instead of Lot Tolerance 
Fraction Defective, use Fig. 10 to find 
the acceptance number c. With c, P 
and N given and y from Table 3 solve for 
n in the following equation: 




n = 

y.v 


(25) 

Pi. Y + v 

Table 3—Solution o 

Sa 

£ y . in Dete: 
mple Size 

rmining 

AOQL 

c 

.v 

c 

>' 

i 

>• 

0 

0.3679 

9 

5.836 

18 

12.38 

1 

0.8408 

10 

6.635 

19 

13.14 

2 

1 .372 

1 1 

7.234 

20 

13.88 

3 

1 .946 

12 

7.948 

21 

14 66 

4 

2.544 

13 

8.677 

•>•> 

•— — 

1 5 4 2 

5 

3.172 

14 

9.404 

23 

1(>. 18 

o 

3.810 

15 

10.12 

24 

16.97 

7 

4.465 

16 

10.87 

25 

17 73 

8 

5.150 

17 

1 1 .63 

26 

18 54 

, i 




27 

19 .30 


Double Sampling Plan. —The double 
sampling plan is similar in principle to 
the single sampling plan with the ex¬ 
ception that when a sample fails, another 
sample is drawn and both samples con¬ 
sidered. The second sample is drawn 
only if the number of defects in the first 
sample exceeds a limiting value c x but is 
less than c>. The lot is given a second 
chance. In addition to the psychological 
satisfaction of being doubly sure before 
rejecting a lot, the inspection efficiency 
is increased, especially for large lots with 
a low process average. Charts and tables 
for the solution of the double sampling 
plan similar to the above illustration for 
the single sampling plan are available. 

Destructive Sampling Plans. —The 
Dodge-Komig plan assumes non-destruc¬ 
tive inspection of at least the effective 
portion of the sample, since lots whose 
samples are unacceptable must be detailed 


100','. When the test is destructive 
the lot must be either accepted or re¬ 
jected completely on the basis of the 
sample result. While the net cost of 
sampling may become high, the sampling 
plans are usually somewhat simpler to 
construct than the Dodge-Komig plan. 
There are numerous references to such 
plans in the literature, some of which are 
given in the bibliography at the end of this 
chapter. These methods are equally 
applicable to the destructive testing of 
welded pirts such as bend or break tests 
which may be part of the inspection plan. 

Sequential Analysis 

In the solution of any of the classical 
sampling procedures an a priori estimate 
must be made of the p irent lot quality 
(standard deviation) before it is possible 
to determine the necessary sample size. 
This is an obvious disadvantage since the 
accuracy of the sample size determination 
depends on the accuracy of the quality 
estimate. Obviously, if the lot quality 
were accurately known in advance, there 
would be no need for sampling. If for 
production reasons or other scheduling 
requirements, it is necessary to select a 
single predetermined size of sample, the 
classical sampling methods with this 
attendant disadvantage must be used. 
On the other hand, if the sample size need 
not be predetermined, it is possible to use 
a method of multiple sampling with 
which no prior estimate of the lot quality 
is necessary. This method is called 
Sequential Analysis and is the outgrowth 
of double and multiple sampling plans. 
The number of observations is not deter¬ 
mined in advance but depends on the 
residts of the observations which have 
already been made. The big advantage 
gained by this method of sampling is the 
fact that a saving of about 50',' in the 
number of observations over the most 
efficient test procedure based on a fixed 
sample size will often result. 

The sequential analysis method is 
essentially a test of hypothesis. For ex¬ 
ample, hypotheses could be set up as 
follows: (a) a lot of material is below 
specification quality, (b) there is an 
improvement in weld ductility for elec¬ 
trode .1 vs. electrode H, (c) variation in 
aluminum spot weld shear strength as a 
result of surface oxide remover A exceeds 
a minimum value, etc. After each ob¬ 
servation is made, the operator must 
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make one of the following decisions: 
(1) accept the hypothesis, (2) reject the 
hypothesis, (3) continue by taking an 
additional unit for inspection. The num¬ 
ber of observations required depends on 
the quality of the product, the results of 
inspection, and the probability of making 
errors of type 1 and type 2 (the probability 
of rejecting the hypothesis when the 
hypothesis is true and the probability of 
accepting the hypothesis though the hy¬ 
pothesis is false). 

A sequential analysis problem can be 
solved either by tabular or graphical 
means. The solution of a typical problem 
is shown in graphical form in Fig. 11. 


in any process and cannot be eliminated. 
Variations which are due to assignable 
causes** indicate lack of statistical control. 
Assignable causes of variation can and in 
most cases should be identified and re¬ 
moved. 

The Control Chart is a useful and 
effective technique developed by W. 
Shewhart for determining lack of statis¬ 
tical control by detecting variations in 
quality which are greater than can be 
attributed to chance alone. Determining 
the cause of variation and its removal is an 
engineering problem. 

The control chart technique emphasizes 
the chronological order in which the 



Fig. 11.—Graphical Solution for Sequential Analysis Test 


The mechanics of the solution involve 
determining the equations for the two 
parallel lines representing the operational 
limits of inspection (or the acceptance and 
rejection numbers for the tabular solu¬ 
tion).* 

Quality Control Methods 

Control Chart .—No amount of inspec¬ 
tion can improve the quality of a product 
and the simple act of separating the good 
from the bad without inquiring into the 
cause of defective parts does not con¬ 
stitute quality control. On the other 
hand, to look for trouble whenever the 
quality characteristic varies is both unwise 
and uneconomical. It was previously 
shown that there is inherent variation 
in any product. Random variations 
which are due to pure chance are inherent 

* See references 20 and 25 in the bibliography. 


samples are made. No change is initially 
made in the method of inspection, but 
merely in the method of treating and re¬ 
cording the data. Instead of simply 
tabulating the data, they are immediately 
plotted on a chart in horizontal sequence. 
The chart has a central line and an upper 
and lower control limit (Fig. 12). So long 
as the data are randomly dispersed about 
the central line and remain between the 
control limits, the most positive kind of 
assurance is had that the process is in 
statistical control. With control, pre¬ 
dictions based on the percent of product 
which lies between limits can be made with 
a high degree of accuracy since most 
industrial processes can be closely ap¬ 
proximated by the normal distribution 

** W. Shewhart defines an assignable cause of 
variation as”., one that can be found by expe 
inent without costing more than it is worth t 

find it.” 
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after a state of statistical control lias been 
attained. 

Establishment of Control Limits. - The 
choice of control or action limits is essenti¬ 
ally an attempt toward an economic bal 
ance between the two possible types of 
error. 

1. Looking for trouble that does not exist. 

2. Not looking for trouble that does exist. 

The limits are determined by the fact 
that it is unlikely that a mean of a sample 
size n will deviate from the mean of the 
lot by more than 3 standard errors 
(3 erfy/n) more than 3 times in 1000. 


four pieces in a box). A sample consists 
of a subgroup, the size of which should 
receive careful consideration. When the 
quality characteristic is measured by the 
method of variables large subgroups are 
undesirable because important causes of 
variation may easily be masked. Assign¬ 
able causes are usually periodic and of 
short duration and would, therefore, have 
little effect on a large sample. It is 
always desirable to have the subgroups 
small enough so that one can assume that 
each subgroup was made undei essentially 
the same conditions. On the other han , 
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Fig. 12.—Control Chart for Average and Range, Shear Strength of Spot Welds. 24S-T Alclad 

Aluminum Alloy, 0.040 to 0.040 Sheet 


Procedure for Setting Up Control Limits. 

A. Quality Characteristic: The par¬ 
ticular quality characteristics for which 
the part is inspected depend, of course, on 
the functional requirements of the part, 
i.e., shear strength, breakdown voltage, 
hardness, dimensions, etc. However, it is 
often advisable to set up control charts 
during intermediate steps in the process 
for the analysis of characteristics which 
may only indirectly affect the ultimate 
requirement. Such a procedure requires 
a careful analysis of the production proc¬ 
ess and a flow sheet for the strategic 
location of control charts. 

B. Sampling: Samples should be taken 
at frequent time intervals and recorded 
on the control chart in their sequence of 
manufacture in so far as possible. Bias 
can often be reduced by the simple safe¬ 
guard of avoiding rigid time or location 
sampling (every hour on the hour, first 


subgroups of n ^ 3 should not be used 
unless absolutely necessary and some 
knowledge of the general distribution is 
known (seldom the case during initial 
stages of inspection). Rational subgroups 
of n — 4 are ideal for the following reasons: 

1. Distribution of means for n ^4 
is approximately normal. 

2. Subgroups of 4 are sensitive to 
variations due to assignable causes. 

3. Each subgroup is probably made 
under essentially the same conditions. 

It is always better to take frequent small 
samples than infrequent large samples. 

When the quality characteristic is 
measured by the method of attributes 
(go no-go), the control chart is more 
efficient when the sample is comparatively 
large. For practical purposes, the sample 
should be large enough so that the ex¬ 
pected number of defects per sample is at 
least 4 (pn = 4, where p is the expected 
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fraction defective and n is the sample size). 

C. Choice of Statistic: Control Charts 
can be made for any statistical quantity 
which may be indicated by the require¬ 
ments of the process^ Ordinarily, the 
statistics for average X, standard devia¬ 
tion (T, range R and fraction defective p 
will cover most industrial cases. When 
the quality characteristic is inspected by 
the method of variables, a control chart 
for the average X, and standard devia¬ 
tion o', will give all the information re¬ 
quired. Since data are often taken and 
computed on the shop floor, it is an ad¬ 
vantage to substitute the range of each 
simple for the standard deviation. The 
loss of mathematical efficiency where the 
sample size is less than 8 is insignificant 
and more than compensated by the result¬ 
ing saving in time and reduced chance of 
computation error. 

When the quality characteristic is in¬ 
spected by the method of attributes, the 
standard deviation is a function of the 
fraction defective and sample size. All 
the required information will, therefore, 
be in a single control chart for fraction 
defective p. 


c -2 = a constant, which varies with n 

that relates a' to the a of the dis¬ 
tribution for a for samples of n 
pieces (a = c^'). 

d 2 = a constant, which varies with n, 

that relates a' to the R of the dis¬ 
tribution of R for samples of n 
pieces (R = d^a'). 
n = sample size. 

Construction of Control Chart Limits* 

A. Method of Variables 

I. When records are available, 
determine grand average A' 
and standard deviation <r' 
- from not less than 200 observa¬ 
tions. Control Chart Limits 
are computed as follows: 

a. Control Chart for Sample 

Average A" 

Central Line = X'_ 

Control Limits = X' =*= 3 a'/y/n 

or A "=*= Aa (26) 

b. Control Chart for Standard 

Deviation a 

Central Line = c><r' _ 

Control Limits = r 2 <r' =*= 3cr'/\/2n 
or Bi a' and B^c' (27) 


Nomenclature i'sed in Control Chart 

X = a single measured value (shear 
strength, hardness, carbon content, 
_ etc.). 

X = the arithmetic mean or average of 
a series of measured values from a 
sample of n pieces. 

X = the average of a set of X values 
_ from a series of samples. 

X' = the true or estimated average of 
the grand lot or process. 
a = the standard deviation, the root- 
mean-square deviation about the 
average X, for a sample of n pieces. 
a = the average standard deviation of 
a set of (t values from a series of 
samples. 

a' — the true or estimated standard 
deviation of single observations of 
the grand lot or process. 

R = the range, the difference between 
the largest and smallest observed 
value from a sample of n pieces. 

R = the average value of a set of R 
values from a series of samples. 
p = the fraction defective of a sample 
of n pieces. 

p = fraction defective in a complete set 
of records or average of a set of p 
values from a series of samples. 
p' = the true or estimated fraction de¬ 
fective of the grand lot or process. 


c. Control Chart for Range R 

Central Line = d^a' 

Control Limits = D\<j' and D&\ (28) 
II. When past records are unavail¬ 
able and X' and a' are un¬ 
known, determine X and a or 

R from a series of not less than 
50 samples. Control Chart 
Limits are computed as follows: 

a. Control Chart for Sample 

Average X 

Central Line = X — _ 

Control Limits = X =*= Sa/ciy/n 

or AT ^Ai- 

ov X =*= AzR (29) 

b. Control Chart for Standard 
Deviation a 

Central Line = <* 

Control Limits = a =*= 3<r/c 2 \/2» 

or Bz<t and B\<j (30) 

c. Control Chart for Range R 

Central Line = R . _ , 

Control Limits = DzR and Dji (3D 

B. Method of Attributes, Fraction De¬ 
fective 

1. When past records are available, 
determine p'. Control Chart 


* .See Table 4 for constants. 
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Limits are computed as follows: 
Central Line = />' 

yjpjKZFl 


Control Limits = />'=*= 3 


(32) 


II. When past records are unavail¬ 
able, determine p from a series 
of sample (pn ^ 4) or a suffi¬ 
ciently large sample. 

Central Line = p 


Control Limits = p ^ M 




Indications of Lack of Control 


Invariably, the introduction of the 
control chart to an inspection system will 
reveal evidence of lack of statistical 
control. As the assignable causes are 
investigated and removed, the parameters, 
average and standard deviation, will 
change and necessitate recalculation of 
control limits. When statistical control 
has been attained, reduction in the fre¬ 
quency of sampling will be possible with¬ 
out sacrifice in quality protection. When 
all assignable causes are removed, and the 
process is in control, nothing further can 
be done to reduce the variability of the 
product without changing the process. 


The control chart is a particularly useful 
tool because it graphically presents a com¬ 
plete running picture of the process, past 
and present, and very often an indication 
of what may happen in the future before 
the damage has been done and while 
there is still time to prevent it. Because 
the principal function of the control 
chart is to indicate the presence of random 
variations from a single, causal system as 
evidence of the existence of statistical 
control, it is important to be able to 
recognize the order of plotted points as 
being random or non-random. Since 
there are no mathematical expressions 
which verify purely random variations 
as such, the experience of the operator 
becomes the judge as to whether the 
variations of the process correspond to 
the type of variations which he would 
expect if chips were randomly selected 
from a bowl. The following criteria 
are suggested as indicating lack of statis¬ 
tical control. It is only with the control 
chart that these criteria become an 
operational basis for deciding when to 
look for trouble. 

1. Points falling outside of control 
limits. 

2. Runs in an upward or downward 
direction. 

3. Runs of six or more samples above 
or below the central line. 

None of the above criteria is conclusive 

evidence of lack of control since there are 
• 

innumerable ways in which a series of 
numbers may be selected in a purely 
random manner. However, the appear¬ 
ance of any of the above criteria resulting 
from random selection is highly improbable 

and investigation is economically justifi¬ 
able. 


Summary Procedure for Quality 

Control 

1. Design random sampling procedure 
and obtain representative data from each 
producing unit. 

2. Plot results of samples immediately 
on control chart. 

3. Determine whether process is in 
statistical control. 

4. Remove assignable causes of vari¬ 
ation when found. 

o. Recompute control chart limits. 

b. Apply control chart data to accept¬ 
ance sampling plan and specifications. 

Process Minimums 

Sampling inspection and the control 
chart plans are the most widespread 
applications of industrial statistical tech¬ 
niques. Familiarity with the funda¬ 
mentals of statistical analysis and a little 
ingenuity will often suggest new applica¬ 
tions of accepted techniques for certain 
specialized problems. 

One such problem arises in the produc¬ 
tion of spot welds which are subject to 
minimum shear strength specifications, 
though the method can be applied to other 
cases of inspection by variables where 
minimum values are of interest. In 
order to insure that some large percentage 
of the process falls above the Specification 
Minimum , the process average must be 
considerably above specification minimum. 

1 he position of the process average is 
determined by the allowable fraction 
below the specification minimum (fraction 
defective), and the inherent spread or 
variation (a) of the process. The quality 
of the process is customarily determined 
bv taking random samples from each 
machine during production runs. The 
results of these random-check data should 
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be plotted on a control chart. A problem 
presents itself in setting up a machine 
for spot welding since the operator at¬ 
tempts to predict from his set-up sample 
whether the results of that particular 
machine setting (as will be shown by the 
random-check data) will meet the speci¬ 
fication requirements. It is the usual 
procedure for the operator to set the 
machine variables according to some pre¬ 
determined schedule which should produce 
satisfactory welds for a given combination 
of thicknesses. He welds a sample of 
two or more specimens and tests them to 
destruction on a tensile machine. If the 
average shear strength of the sample 
is above a certain value which will be 


when a machine is adjusted to a weld 
quality X P , the lot tolerance average, 
with a corresponding fraction defective 
pi and standard deviation <r. The process 
minimum is located with reference to the 
distribution of means so that the area to 
the right of the process minimum is 10%.* 
If the set-up sample average is less than 
the process minimum the sample will be 
rejected, and conversely, if the set-up 
sample is greater than the process mini¬ 
mum, the sample will be accepted. There¬ 
fore, if X p represents the quality of the 
grand lot, samples from this lot will be 
accepted _only 10% of the time, even 
though Xp represents a lot of just lot 
tolerance quality. This area, Consumer’s 



mum 


called the process minimum, the operator 
will proceed to weld the parts for which 
the machine was set up. If the average 
does not meet the process minimum value 
he will make some small adjustment in 
the settings and make a satisfactory 
sample or report to his supervisor that the 
machine requires mechanical attention. 
If the process minimum is placed ex¬ 
cessively high in order to insure a large 
percent being above specification mini¬ 
mum, the operator may experience diffi¬ 
culty in meeting this value; if the process 
minimum is too low, an excessive fraction 
of the production may be below the 
specification minimum. 

A study of Fig. 13 shows what happens 


Risk, is the probability of accepting a 
sample of lot tolerance quality._ If the 
grand lot becomes worse than X v for a 
fixed process minimum (the distribution 
shifts to the left), the consumer’s risk 
area, or probability of accepting becomes 
much smaller than 10% while if the quality 
improves (the distribution shifts to the 
right) the probability of accepting in¬ 
creases. The consumer’s risk is 10% only 
when the process is of exactly lot tolerance 
quality. Since the distribution of means 
is normal even though the original dis¬ 
tribution may not be, the normal integral 


* Ten percent of the total area under the dis 
tribution of means. 
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tables may properly be applied to locate 
the position of the process minimum. 
The location of the process minimum can 
be expressed in terms of the specification 
minimum, the standard^ deviation a, and 
the sample size by the following rela¬ 
tionship: 

Process minimum = 

Spec. Min. 4- ( t\<r ' 4 t«o'/y/n) 

Spec. Min. 4 <r'(b 4 h/y/n) 

Spec. Min. 4 Qo' (34) 

# 

where 

<r' = Standard deviation of single ob¬ 
servations for the process (de¬ 
termined from past random- 
check data or control chart). 

n = sample size. 

t — the ordinates of the distribution 
in units of a which include the 
area concerned (see Table of 
Normal Integral). 

Q = constant, which varies with n 
and the fraction defective. 

See Table 5 [£=(/, 4 k/y/n)\. 

Examination of the formula for the 
process minimum shows that when the 
value of the process minimum becomes 
excessive, it can be reduced by (a) re¬ 
ducing the variability, o' , of the process, 

( b ) increasing the sample size. If neither 
of these alternatives is possible or de¬ 
sirable, either the specification minimum 
must be reduced or the allowable fraction 
defective increased. 

Referring again to Fig. 13, it will be 
noted that the process minimum is con¬ 
siderably higher than the acceptable 
minimum value of the random-check 
sample. The minimum value of the 
random-check sample is the same as the 
lower Control Chart Limit for sample 
averages. The control chart limits are 
computed as shown on page 1033 but the 
minimum value that the lower control 
limit can become is determined by the 
following relationships: 

Minimum lower control chart limit = 

Spec. Min. 4 (t\o' — Ao') 

Spec. Min. = o'(ti — -4) 

Spec. Min. = La' (35) 

where: 

A = a constant, see Table 4 

(A = 3/\/ n) 

L = a constant, see Table 0 

\L = (/, - A)) 

ti = function of allowable fraction 
defective (from Table of Nor¬ 
mal Integral). 
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There are two minimum values which 
guarantee the requirements of the speci¬ 
fication: the process minimum for set-up 
samples and the minimum lower control 
chart limit for the random-check samples. 
It will be noted that the numerical value 
of the average shear strength does not 
have to be determined. The following 
example will illustrate the calculations for 


these values: 

Given: 

Maximum percent defective.. 0.5% 
Consumer’s Risk (max. proba¬ 
bility of accepting lots 0.5% 

defective or worse). 10% 

Set-up sample size. 4 

Random-check sample size. . . 4 

Specification Minimum (0.040 

gage 24S-T Alclad). 345 lb. 

Standard Deviation, a' (from 

past random-check data)... 36 lb. 

Find: 

1. Process minimum. 


2. Minimum value of lower control 
chart limit. 

Calculations: 

1. Process minimum = Spec. Min. 4- 

Q<r'(Q from Table 5) = 345 + 
3.216 X 36 = 461 lb. 

2. Minimum value for lower control 

chart limit = Spec. Min. -J- 
L<r'(L from Table 6) = 345 -f- 
(1.076 X 36) = 384 lb. 


encountered in service. These tests are 
frequently called drastic tests , or in cases 
where failure develops slowly in service, 
accelerated tests. 

The use of drastic tests is primarily a 
laboratory method, as distinguished from 
straight plant inspection, and in processes 
such as welding, where exact repetition of 
method and exact physical measurements 
are difficult or impossible, statistical 
analysis of such tests is often the best 
available tool for research. In addition 
to their value as disaster insurance, these 
tests are frequently valuable in reducing 
the labor of a laboratory investigation. 
Thus, for examples previously shown 
for the establishment of sample size by 
the Binomial or Poisson distributions, the 
required number of samples or of failures 
may be obtained with far less material 
if the test is conducted at an elevated 
level bearing some known relationship 
to the service condition. In other cases, 
the service failures may occur only after 
prolonged use, and the drastic tests may 
be required to obtain laboratory failures 
within a time such that the results of the 
test may be currently useful. 

It must be emphasized that it is always 
necessary to exercise good judgment to 
insure that the mechanism of failure under 


Table 5—Values of Q, Solving for Process Minimum 


Allowable Percent Defective 


n pi ~ 

-» 0.001 

0.005 

0.010 

0.100 

0.500 

1 .000 

2.500 

5.000 

10.000 

2 

5.2 

4.8 

4.605 

3.995 

3.481 

3.231 

2.865 

2.550 

2.186 

3 

5.0 

4.6 

4.440 

3.830 

3.316 

3.066 

2.700 

2.385 

2.021 

4 

4.9 

4 . o 

4.340 

3.730 

3.216 

2.966 

2.600 

2.285 

1 .921 

5 

4.9 

4.5 

4.273 

3.663 

3.149 

2.899 

2.533 

2.218 

1 .854 

6 

4.8 

4.4 

4.223 

3.613 

3.099 

2.849 

2.483 

2.168 

1.804 

7 

4.8 

4.4 

4.183 

3.573 

3.059 

2.809 

2.443 

2.128 

1.764 

8 

4.8 

4.4 

4.153 

3.543 

3.029 

2.779 

2.413 

2.098 

1.734 

a 

4.7 

4.3 

4.127 

3.517 

3.003 

2.753 

2.387 

2.072 

1.708 

10 

4.7 

4.3 

4.105 

3.495 

2.981 

2.731 

2.365 

1.050 

1.686 


APPLICATION OF STATISTICAL 
CONCEPTS IN CONNECTION WITH 

DRASTIC TESTING 

Drastic Tests and the Reasons for 
Their Use 

There are many eases where a finite 
chance of failure cannot be tolerated, and 
with these, cases of the development of 
new products and methods to meet more 
demanding requirements than are cur¬ 
rently being satisfied. Such problems 
introduce the use of tests made under 
conditions more severe than are usually 


the drastic test is the same as the mech¬ 
anism which operates less frequently in 
the field. Careful mathematical treat¬ 
ment of the test results is necessary to 
relate them properly to service conditions, 
and good statistical control is required to 
determine their significance. The theory 
and practice of such interpretation is ad¬ 
mittedly in an early stage of development 
and worthy of further study. 

Certain jobs like the production of 
welded pressure vessels or boilers lend 
themselves naturally to a proof test of 
the finished product, wherein all parts 
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are exposed to a stress somewhat larger 
than is expected in practice. This guards 
against the presence of serious defects, 
but as the proof load is limited by the 
necessity of avoiding permanent deforma 
tion, and as some failures may develop 
slowly, as by corrosion or metallographic 
changes, the test cannot give complete 
assurance of safety. Tests of special 
coupons to destruction will give a better 
idea of the true strength of the product, 
but naturally will leave some doubt as to 
the accuracy with which the coupons 
duplicate the structure or state of stress 
of the production unit. 


which is to be sustained in service, to 
establish an inspection test level. The 
level thus established is not one that all 
specimens ought to exceed, but one that 
exactly half of the specimens may legiti¬ 
mately be required to exceed. With this 
type of specification, the claim that a low 
test is an accident is eliminated, since all 
such accidents are accounted for in the 
chance factors forming the lower half 
of the distribution. It should also be 
noticed that the sensitivity or discrimina¬ 
tion of the test has been greatly increased 
(or the necessary sample size decreased ) 
since any lowering of the quality of the 


Table 6—Values of L, Solving for Minimum Value of Lower Control Limit 


n 


vt 


o 

3 

4 
4 
b 

I 

8 

y 

10 


-Allowable Percent Defective 


0.001 

0 ()<)."> 

0 010 

0. 100 

0 

400 

2 ° 

1 8 

1 . .48 

0 9b‘) 

0 

444 

2. b 

o 2 

1 .07 

1 348 

0 

81 1 

2.8 

2.1 

2.20 

1 400 

1 

07b 

3.0 

2 i) 

2.3b 

1.718 

1 

23 1 

3. 1 

2,7 

2 18 

1 8b4 

1 

34! 

3.2 

2 8 

2.47 

1 04b 

I 

142 

3.2 

2.8 

2 04 

2 029 

1 

4 1 4 

3.3 

2 y 

2.70 

2 090 

1 

47b 

3.1 

3.0 

2 74 

2 141 


b27 


1 

000 

2 

400 

'} . 

000 

10 

(.00 

0 

204 

- 0 

101 

-0 

47< " 

- 0 

810" 

0 

494 

0 

. 228 

-0 

087" 

— 0 

14 1 " 

0 

82b 

0 

100 

0 

1 4 4 

- 0 

219" 

0. 

'.‘81 

0 

blS 

0 

. 303 

- 0 

Of, 1 " 

1 . 

101 

0 

734 

0 

120 

0 

040 

1 

192 

0 

. 82b 

0 

.411 

0 

147 

1 

2b 4 

0 

. 899 

0 

. 484 

0 

220 

1 

32b 

0 

900 

0 

.044 

0 

281 

1 

377 

1 

01 1 

0 

090 

0 

332 


° Limits below the specification minimum. 


In the usual proof, drastic or dcslrm tree 
test as applied to inspection, a factor of 
safety is chosen arbitrarily and it is then 
required that all specimens tested show 
strength or a similar property exceeding a 
value set by this factor of safety. An 
examination of a normal distribution 
curve, such as one of those in Rig. 14 shows 
that it may be impossible to expect all 
specimens in a lot to be stronger than 
specified unless the average strength is 
much greater than the specification, hence 
the finding of an occasional specimen 
below specification does not necessarily 
indicate that the product has gone bad, 
hut only that the accidents of choice have 
turned up one of the pieces in the tail of 
the distribution curve. As a prelude to 
a rational specification, therefore, let the 
results of all tests be collected for a period, 
and these results be plotted to show the 
characteristic distribution within the lot 
of the product. (It will usually be suf¬ 
ficient to assume normality and determine 
only the standard deviation.) According 
to the degree of safety required in the 
product, let .4, 4 or 5 times the experi¬ 
mentally determined value of the standard 
deviation be added to the strength value 


product is immediately shown by a large 
increase in the proportion failing to attain 
the test level when this level is set at the 
center of the distribution. (It will be 
recognized that t his procedure which 
results in establishing a process average 
for zero allowable fraction defective is 
similar in principle to the Process Mini¬ 
mum lest (page 10.45) though somewhat 
simpler to set up.) 

Quality Index for Evaluation of a 

Property in Terms of a Standard 

Material 

In a research investigation of weld 
failures, such as, for example, hard zone 
cracking in manually arc-welded sections, 
it would be known that one heat of steel 
behaved well in practice, while another, 
perhaps of identical nominal composition 
but from a different source, frequently 
failed.* Obvious limitations on the control 
of the welding process prevent a study 
based on small changes of operating condi¬ 
tions, while ordinary physical tests become 
useless when it is shown that the stronger 
sections are more prone to cracking than 
the weaker, although not with any regular 

* Sec Reference 22 in the bibliography. 
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relationship. Under such conditions, an 
investigation toward a more reliable 
product must be based on an analysis of 
the prevalence of the cracks themselves, 
and therefore must be statistical in nature. 
Many other problems will of course be 
found similar in general nature. 


as welds were made under field conditions, 
steel 5 often failed to crack at all, hence 
the superiority of the special heats was 
not apparent, and the inferiority of heat 
T appeared more or less important from 
time to time. A change to more severe 
welding conditions produced some cracks 



A : b factor of safety" may not eliminate all failures 

PROOF TEST CATCHING A FEW PERCENT DOES NOT GIVE 

CLEAR INDICATION OF TROUBLE. 



B : TEST FOR 50% FAILURES AT WORKING LOAD + 4 <T LEAVES 
ONLY ONE CHANCE OF FAILURE IN 30,000. 

C*. DECREASE IN QUALITY SHOWS CLEARLY BEFORE DANGER 
POINT IS REACHED. 

Fig. 14.—Rational Selection of Test Conditions for Reliable Inspection 


In this investigation, by controlling 
the welding conditions and standardizing 
the conditions of subsequent examination, 
it became possible to prepare two or 
more series of specimens, welding first 
a single piece of one material and then 
of another, such that each series could be 
considered, on the average, to be made 
under essentially the same conditions as 
the other. Thus controlled, the propor¬ 
tion of the total length of the weld which 
later cracked became a significant measure¬ 
ment, and it could be consistently shown 
that a certain heat S, considered satis¬ 
factory in practice, was always better 
than another heat T, but worse than 
certain additional heats which were 
specially processed. However, so long 


in every sample, after which all steels 
appeared in the same order after every 
test and some idea could be gained of their 
relative quality. The final problem of 
assigning numerical values to the relative 
quality of each heat of steel, when tested 
empirically by all plausible formulas, 
was shown to conform to a relationship 
which could be derived from the standard 
statistical equation, and to no other 
relationship. The formulas derived for 
this specific problem are applicable to a 
wide variety of similar problems. 

In the case of the welds, a series welded 
at one level of severity showed 10% of the 
weld cracked in steel S and 30% cracked 
in steel T. Under more severe conditions, 
30% of S cracked, but the proportion of 
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T which cracked was neither 30% -f- 
20% = 50% nor was it 3 X 30% = 90%, 
but rather the intermediate value of 00%. 
The Statistical Index of Quality which 
rationalizes these quantities is derived as 
follows: 

Each small portion of the metal to be 
welded, individual grain or small group 
of grains, has a certain susceptibility 
toward cracking, which depends on various 
factors such as carbon and alloy content, 
particle size, inclusions present, etc. 


causes the probability of cracking at a 
specified test level to follow the Gaussian 
curve quite accurately, and when test 
conditions are well controlled, causes the 
standard deviation of this Gaussian 
curve to be nearly constant. It can be 
shown, however, that a departure from a 
normal distribution would not appreciably 
affect the index value and that a constant 
standard deviation is not necessary. 

To establish an index scale, a quantity 
of one heat of steel which has proved 



Fig. 15._Distribution of the Quality of Individual Pieces Within Samples of Two Materials 

This susceptibility varies from portion to satisfactory in practice is set aside as a 

portion in a random manner, but its standard and arbitrarily assigned an index 

average value is a measure of the quality of 100. It is further agreed that if there 

of that particular steel. Each such small is found a steel so poor that there exists a 

portion is exposed to a welding condition welding condition where all (99.87% or 

of random variability whose instantaneous more) of the poor steel will crack, while 

severity is determined by the tempera- none (i.e., less than 0.13%) of this standard 

ture, time of exposure, cooling rate, net steel 5 cracks, this poor steel will be given 

applied stress, and similar factors and the index zero. Similarly it is agreed that 

whose average severity throughout the if there is a steel so good that one welding 

series specifies the test level. The inter- condition can crack all of 5 and none of 

action of these several factors usually this good steel, then this grade shall be 
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Table 7—Statistical Index of Quality—I T 


S = % failure in the standard material; T = % failure in the material under test, 



.S' 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

T 

i 

4-50 

+ 21 

+ 14 

+ 9 

+ 4 

0 

-4 

-9 

- 14 

-21 

00 

50 

100 

129 

136 

141 

146 

150 

154 

159 

164 

171 

10 

21 

71 

100 

107 

113 

11-7 

121 

126 

130 

135 

143 

20 

14 

64 

93 

100 

105 

110 

114 

118 

123 

126 

135 

30 

9 

59 

87 

95 

100 

105 

109 

113 

117 

123 

130 

40 

4 

54 

83 

90 

96 

100 

104 

108 

113 

118 

126 

;>() 

o 

50 

79 

86 

91 

96 

100 

104 

109 

114 

121 

r,() 

— 4 

46 

75 

82 

87 

92 

96 

100 

105 

110 

117 

70 

— 9 

41 

70 

77 

83 

87 

91 

96 

100 

105 

113 

80 

— 14 

36 

65 

72 

77 

82 

86 

90 

95 

100 

107 

00 

— 21 

29 

57 

65 

70 

75 

79 

83 

87 

93 

100 
mmm m 

100 

-50 

0 

29 

36 

41 

46 

50 

54 

59 

64 

71 


100 


-50 


200 

171 

164 

159 

154 

150 

146 

141 

136 

129 

100 


Example: When steel .S and a proposed substitute / are welded alike under subzero condrtmns 
.S' shows 20% cracking and T shows 90% cracking. 1 he quality index of 1 , ll is therefore bo from the 
table. If steel 5 was chosen as one which practically never cracks when welded at room temperature, 
then it may be predicted that steel T will probably show around 20% cracking if used under the same 
conditions. It may also be predicted that a steel having an index of about 136 would be needed for 
practical use at these subzero conditions. 


rated 200. From the formulas to follow, 
the T steel described in a previous para¬ 
graph would have an index value of 87. 

The conditions obtaining in the various 
small portions of two steels and 7 after 
completion of a weld test are shown 
graphically in Fig. 15. In part A of the 
figure, the two differential Gaussian curves 
each represent a thousand or more in¬ 
dividual small portions of one of the 
steels, as if arranged in piles according to 
their individual likelihood of cracking at 
any test level. Thus for steel S, increasing 
the test level 10% at the scale point 
t = 0 would crack an additional 40% 
of the individual test units. The curves 
in Section B similarly show the integrated 
form of the equation (ogive) where the 
ordinate shows the total portion cracked 
at any given test level. The abscissae 
for both A and B are arbitrary, so chosen 
that the distribution of failures is strictly 
normal, and may or may not be propor¬ 
tional to one or more of the physical 
measurements which might be made of 
the specimens or of the testing procedure. 
Abscissa scale / is that generally found in 
tables of the Gaussian curve, i.e., the 
number of standard deviations removed 
from the average value. From the condi¬ 
tions in the previous paragraph, 100 index 
units = 6/, giving directly the / or index 
scale shown. 

The manner in which the rating of steel 
T becomes independent of the test level 
is apparent from the graph. The number 
to be assigned measures only the fact that 
the differential curve peak or mode (50% 
point of the integrated form) is a certain 
distance to the left (or bad side) of the 


corresponding point for the standard steel 
S. At the arbitrary or accidental level 
at which the test was made, 18% of steel 
5 failed, as shown by the shaded area 
under the S curve. From the table to 
follow, the characteristic point (mode) 
of the 5 curve therefore lies 15.3 units 
(/ scale) to the right of the test level. 
Similarly, steel T shows 93% failure under 
identical test conditions, hence the charac¬ 
teristic point for this steel lies 24.6 units 
(7 scale) to the left of the test level. Steel 
T therefore lies 40 units to the left, or bad 
side of steel S, and as 5 has been assigned 
the rating of 100, the index for T is there¬ 
fore 60, and the position of the test level 
may be forgotten. 

It may readily be seen that the same 
index value would have been obtained for 


y test level lying in the region where the 
o Gaussian curves overlap, i.e., corre- 
mding to index values of 50 to 110, 
hough the proportions which failed 
uld be quite different in each test, 
e truth of this has been repeatedly 
nonstrated in practice for the case of 

rd cracking in arc welds. 

Tables 7 and 8 give the values neces- 
y to apply the index calculation to 
ual experiments. In Table 7, shown 
inly for orientation purposes, the per- 
ltage failure of the standard material 
■ntered in the top of the table, and of the 
terial to be rated in the left-hand 
umn. The value of the Statistical 
lex of Quality, I is read at the co- 
idence of these entries, [able » 
es the information for the calcula 
I to greater accuracy, allowing entries 

each 1% range of failures. This table 
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Table 8—Values of Apparent 

Index, 

i for 1% Steps (Position 

of Characteristic Point with Ref- 




erence to the Test Level) 





% Failure 

0 

1 

o 

3 

4 

5 

6 

7 

8 

9 

0 

-f-50.0 

+38.8 

+ 34.2 

+ 31.3 

+ 29.2 

+ 27.4 

+ 25.9 

+ 24.6 

+ 23.6 

+ 22.3 

10 

-4-21.4 

+ 20.4 

+ 19.6 

+ 18.8 

+ 18.0 

+ 17.3 

+ 16.6 

+ 15.9 

+ 15.3 

+ 14.6 

20 

-4-14.0 

+ 13.4 

+ 12.9 

+ 12.3 

+ 11.8 

+ 11.2 

+ 10 7 

+ 10.2 

+ 9.7 

+ 9.2 

30 

+ 8.6 

+ 8.3 

+ 7.8 

+ 7.3 

+ 6.9 

+ 6.4 

+ 6.0 

+ 5.5 

+ 5.1 

+ 4.7 

40 

+ 4.2 

+ 3.8 

+ 3.4 

+ 2.9 

+ 2.5 

+ 2. 1 

+ 1.7 

+ 1.3 

+ 0.8 

+ 0.4 

50 

0 

-0.4 

-0.8 

-1.3 

- 1 .7 

-2. 1 

-2.5 

-2.9 

-3.4 

-3.8 

60 

-4.2 

-4.7 

-5.1 

— 5.5 

-6.0 

- 6.4 

- 6.9 

-7.3 

-7.8 

-8.3 

70 

-8.6 

-9.2 

-9.7 

- 10.2 

— 10.7 

— 11.2 

-11.8 

-12.3 

-12.9 

-13.4 

80 

-14.0 

-14.6 

-15.3 

— 15.9 

— 16.6 

-17.3 

-18.0 

- 18.8 

-19. f i 

- 20.4 

90 

-21 .4 

- 22.3 

- 23 6 

- 24.6 

- 25.9 

-27.4 

- 29.2 

-31.3 

-34.2 

-38.8 

100 

- 50.0 

• • • • 

.... 

• • • # 

• • • • 

.... 

• • • • 

• • • • 

• • • • 

• • • • 


Example: 

Steel S is rated. 100 

Steel 6’ cracks 18% under test. »'«. — -4-15.3 


Test level. 84.7 

Steel T cracks 93% under same test . i T = —24.6 


Quality index of steel T 


. IT 

or by substitution; Ir = 100 — (15.3) + ( — 24.6) 


6Q. 1 

60. 1 


gives values of i, which is the distance in 
index units by which the characteristic 
point lies to the right of the test level. The 
Index of Quality for steel T is therefore: 

It = 100 - ( is - /» = 100 - is + ir (36) 

Analysis of numerous ratings for steel 
tested under a wide range of welding 
conditions has shown that the standard 
deviation actually found for the index 


values is very little greater than the 
standard deviation which would be pre¬ 
dicted for the difference of well-measured 
physical properties if determined for the 
same effective number of samples. Anal¬ 
ysis of the index values can easily be 
made graphically on probability paper on 
which a straight diagonal line covering 
10 linear units will give the data of Table 
H directly. 
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CHAPTER 45 


TRAINING AND QUALIFICATION OF 

WELDING PERSONNEL* 


INTRODUCTION 
General Training of Personnel 

This chapter deals with the training 
of welding personnel. The method of ap¬ 
proach is to describe the elements and 
problems in training and the agencies 
and methods by which such training is 
accomplished. Most of the material is 
presented using the example of arc weld¬ 
ing which is no more important than 
other welding processes, but which prob¬ 
ably accounts for a larger amount of the 
training programs at the present time. 
Since the method of training for any 
given process is much the same as for 
any other, the discussion relating gener¬ 
ally to welding training and referring 
specifically to arc welding, applies also to 
such processes as oxy-acetylene welding, 
brazing, carbon arc welding and other 
commonly used manual welding processes. 

The most numerous welding person¬ 
nel are welders and welding operators. 
Welding supervisors, foremen, instructors 
and inspectors usually are drawn from 
the ranks of both these groups; therefore, 
the basic training for welders and welding 
operators is an early and essential part of 
the training for these higher personnel. 

Welding engineers today are very fre¬ 
quently drawn from the ranks of super¬ 
visors or inspectors. College-trained 
engineers usually have a degree in one of 
the basic engineering fields such as me¬ 
chanical, electrical or civil engineering, 
and have acquired an understanding of 
welding by training or working as a 
welder, inspector or supervisor. 

In this chapter, therefore, the training 

* Prepared by a committee consisting of W. 
J. Brooking, M. VV. Kellogg Co., Chairman; 
J. M. Hall. Camden County Vocational School; 
A. N. Kugler. Air Reduction Sales Co.; S. S. 
Eongstreth, Westinghouse Electric Corp.; R. J. 
Sacks, Hadley '16011111031 High School. 


given to welders will receive most at¬ 
tention and the training for the super¬ 
visory or engineering personnel will re¬ 
ceive less attention. 

Only in more recent years have facili¬ 
ties for properly training welders been 
generally available. Prior to this, most 
employers requiring an increase in the 
number of welders had to do their own 
training. The need for greater facilities 
for training has been recognized by both 
public and private schools. The employer 
now may choose the best means to obtain, 
or train, the welders he needs. His 
choice depends upon the industry, the 
product, the plant itself and its geo¬ 
graphic location and many factors pe¬ 
culiar to welding. 

In the first place, the terms welder and 
welding operator include a wide variety 
of skills and knowledge. Aside from the 
obvious distinction between gas-welding, 
arc-welding and other welding processes, 
the definition and job specifications vary 
between one industry and another and 
even between individual plants in the 
same industry. In one plant for example, 
most of the arc-welding work may be 
positioned and welding performed down- 
hand, using large electrodes and alternat¬ 
ing current. A first-class welder with 
years of experience in such a shop may be 
of limited value on the ways of a ship¬ 
yard, where all the welding may be done 
with direct current and most of it in the 
vertical and overhead positions. In one 
plant, gas-welding may be used only on 
ferrous metals, while in another, only on 
aluminum, brass or other nonferrous ma¬ 
terials. A welder may be skilled in 
welding thin sheet metal and have no ex¬ 
perience in heavy plate fabrication or pipe 
welding. While many operations within 
a process have much in common and rest 
upon the same fundamentals, a man 
trained only in those fundamentals re- 
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quires specific training before he can be 
a welding operator of value in any plant. 

Assuming that an employer has de¬ 
veloped job specifications, the first step is 
to select the best and quickest method to 
obtain an operator to perform the job. 
Generally speaking, selection is by one of 
two general methods or a combination of 
the two: Training (1) within the plant 
itself, and (2) by outside schools, either 
public or private. Figure 1 is a diagram 
which illustrates and graphically shows 
the factors in the training of welding 
operators. 

BASIC ELEMENTS OF WELDER 

TRAINING 

General Statement on Qualification 
of Welding Operators 

Since the training program for any 
welding operator must be based upon the 
specifications for the work to be done, it 
is axiomatic that the ability to qualify for 
(or in other words, to perform) the work 
must be evaluated in the light of the 
specifications for the particular job. 

It is important to bear in mind that 
qualification tests determine the minimum 
standard performance of all welders 
in following a prescribed procedure for 
making certain welds. However, it must 
be recognized that mere passing of 
the minimum requirements for qualifica¬ 
tion does not in any way guarantee that 
the man will consistently produce work 
which meets even the minimum require¬ 
ments for which he has been qualified. 

To have passed the minimum qualifica¬ 
tion test simply indicates that the man 
has acquired skill which makes it possible 
for him to produce acceptable work as 
compared with a welder who cannot 
pass the minimum qualification require¬ 
ments. To have passed these minimum 
qualification requirements in no way re¬ 
lieves the organization which employs the 
services of these welders from the 
responsibility of adequate supervision and 
quality control, including adequate prep¬ 
aration of the work prior to welding, in¬ 
spection of the materials and processes 
prior to welding, furnishing welding 
equipment and materials of proper quality, 
adequate procedures for the operation, and 
the provision for adequate and responsible 
inspection of the welder’s work during 
and after welding. The responsibility of 


the employer for additional and special 
training in procedures peculiar to the 
product is also clearly implied. 

The American Welding Society's 
Tentative Standard Qualification Pro¬ 
cedure (B3.0-41T) recognizes the limita¬ 
tions and implications of the foregoing 
concept of a standard qualification proce¬ 
dure and within the framework of that 
concept first points out that “the quality 
of arc- and gas-welded joints will be 
determined by the specific welding proce¬ 
dure used and by the ability of the weld¬ 
ing operator to apply that procedure.” 
It therefore presents in Part I the method 
to be pursued in investigating and qualify¬ 
ing a welding procedure, while Part 11 
outlines the method of qualifying weld¬ 
ers. Each of the sections provides a 
comprehensive coverage of its problem to 
serve as a guide and example in evaluat¬ 
ing welding procedures, and qualifying 
all welders for given procedures, and 
is an important source of information 
and guide as to method for any agency or 
individual interested in training welding 
operators. 

Selection of Trainee 

Age .—The range of age may include 
trainees from the minimum legal employ¬ 
able age to the usual maximum age of 
employment. The speed with which 
trainees of various ages learn to weld 
is about the same. Young men may learn 
a little faster, but older men do not learn 
sufficiently slower to make any great eco¬ 
nomic difference. 

Intelligence .—No accepted tests for 
ability to learn arc welding have been 
devised, but men who have a higher 
measurable general intelligence seem to 
learn more rapidly and are more likely 
to advance to be higher-rated welders 
and to the more advanced jobs of super¬ 
vision. 

Physical Conditions .—The prospective 
welder should be able to pass a standard 
physical examination, with special atten¬ 
tion given to eyesight, respiratory organs 
and nervous system. In general, he 
should have a strong physique, since 
many welding operations require the abil¬ 
ity to do relatively heavy work. Some¬ 
times it requires special skills such as 
working at various heights on straight 
ladders, board platforms, swing seats, etc. 
Selection should be made, wherever pos- 



Fig. 1—Factors in the Training of Welding Operators 



BASIC TRAINING OBJECTIVE 






















WELDING PERSONNEL 


1047 


sible, with due consideration for the re¬ 
quirements of the specific job. Some¬ 
times men must have the agility and abil¬ 
ity to get into tight locations and difficult 
positions to perform the welding opera¬ 
tions involved. 

Education .—A trainee must be able to 
read and write and should preferably have 
a high-school education. He must be in¬ 
terested in welding and must have a de¬ 
sire and a willingness to undergo a period 
of formal instruction, including manual 
practice and related theory. For many 
types of repetitive operation, an elemen¬ 
tary education is sufficient. 

Equipment for Instruction 

Complete units of arc-welding or gas¬ 
welding equipment, whichever type of in¬ 
struction is being given, in good operat¬ 
ing condition and moderately current as 
to type (not obsolete), should be avail¬ 
able for each trainee for bis individual 
practice for at least a half day each day 
during his training period. Adequate 
space is also an important training re¬ 
quirement. 

The usual hand tools, aprons, goggles, 
gloves and welding hoods should be avail¬ 
able. These represent the minimum re¬ 
quirements. 

Practice and Instruction Planning 

The instruction plan should include 
three to five hours of manual instruction 
per day during the entire period of in¬ 
struction. Manual practice for more than 
three to five hours per day does not in¬ 
crease the speed of learning. The pres¬ 
entation of the course of instruction must 
be in such sequence that the student mas¬ 
ters the basic skills, such as striking, 
holding and manipulating an arc. before 
he can practice depositing welds in the 
various positions of welding. The deposi¬ 
tion of welds in the fiat position should 
precede the vertical and overhead posi¬ 
tions, because of the relatively more com¬ 
plicated and difficult manual responses re¬ 
quired in the latter positions. 

The use of a variety of electrode or 
welding rod sizes and types and other 
practice materials, so long as they are 
closely related to the specific motions and 
processes being studied, will probably 
shorten the learning period. Variety in 
the size and type of welding rods or elec¬ 
trodes and variety in the form of welded 
joints in a given position add interest to 


the study, the value of which is reflected 
in maintaining and encouraging the 
greater learning speed for the student. 

Study of the Theory of Welding 

In any welder training program, a 
study of the basic welding theory as it re¬ 
lates to the manual practice reduces train¬ 
ing time and increases the student’s value 
on the future job. A basic study of the 
nomenclature and definitions for equip¬ 
ment and processes, types of welds, weld¬ 
ing positions, etc., aids in understanding 
and efficiency in the trainee’s study. 

The use of welder training movies 
and slide films early in the training pro¬ 
gram (after the first day or two of prac¬ 
tice) has been shown to be very helpful. 
The repetition of these films two or three- 
times during the training processes has 
been found to make their use more effec¬ 
tive and may be expected to materially 
reduce the hours of manual practice re¬ 
quired. 

Examples of different types of welds, 
joints, electrodes, etc., should be ex¬ 
plained as a part of the theory of weld¬ 
ing. Elementary blueprint reading should 
be given to the person who cannot read 
blueprints. Reading of welding symbols 
(American Welding Society Standard 
ll'cldinff Symbols) should be taught and 
the specific type of welding control used 
on a specific job. if the job for which the 
welder is being trained is known, should 
be discussed. 

Demonstration by the instructor and 
explanation of various phases of welding 
and practice are helpful both during the 
practice period and in the theory. 

A training plan using one hour of a 
half day for theory and the remaining 
hours of the >ame half day for manual 
practice has been found to be as effective 
as a full day of practice. 

Evaluation and Testing of Students 

Progress 

The proficiency with which a student 
can deposit the necessary welds is the best 
test of his progress. During the period 
of instruction, the instructor, by personal 
criticism and an analysis of the student’s 
efforts as often as possible provides the 
student with incentive for effort and the 
knowledge of how he is progressing in 
his work. It is helpful and desirable to 
criticize each new phase of the student’s 
progress, such as types and sizes of 
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welds from the standpoint of soundness, 
appearance and ease of deposition. The 
simple practice of examining a weld, 
pointing out its defects and breaking it 
open with a press or sledge hammer pro¬ 
vides visual understanding to the student 
as to how his work is progressing. If 
specific qualification tests are established 
for the particular job, the successful per¬ 
formance of those tests by the individual 
welder can be considered a satisfactory 
means of evaluating and testing a student’s 
progress. Such tests should be on an in¬ 
dividual basis and based upon the mini¬ 
mum requirements of the operations per¬ 
formed by the trainee when he is em¬ 
ployed as a production welder. 

TRAINING WITHIN INDUSTRY 

For training within a plant the em¬ 
ployer selects the trainees, provides the 
space, equipment, materials, instructors, 
and has complete control over the train¬ 
ing methods and subject matter. The 
minimum requirements of instruction and 
qualification are coordinated and directed 
toward the specific requirements of that 
plant or its separate departments. 

The advantages arc as follows : 

1. Plant standards and methods are 
impressed on the student from the be¬ 
ginning. 

2. The course is designed to cover es¬ 
sential points and methods peculiar to 
the plant without extraneous material. 

3. Much training can be coordinated 
with production work, and part of the 
training is done on the job. 

The disadvantages arc: 

1. Space and equipment to be devoted 
to training are frequently limited. 

2. Unless the training program is 
large, the cost per student is high. 

3. The selection of trainees is a major 
problem and the turnover is frequently 
high. Determination of aptitude with¬ 
out a fair period of instruction is diffi¬ 
cult and much time is lost in proving 
adaptability. 

4. A certain number of graduates on 
whom much time and money have been 
expended inevitably drift to other 
plants. 

5. The problem of wages during 
training hours and occupation during 
some part of each day is often difficult, 
since the length of time for which a 
student can practice effectively is limited 
to only about four or five hours per day. 

6. It is important for plant-trained 


welders to obtain an all-around welding 
knowledge and experience. This may 
be obtained by extension courses after 
the man is employed as a full-time 
welder. 

Without regard to its advantages or 
disadvantages, with no other training 
facilities at hand, training within the plant 
is frequently the only method available 
due to the geographical location of the 
plant. A typical system of the plant 
method of training arc-welding personnel 
is that in effect at a midwestern manu¬ 
facturing plant. This company has found 
that to start with a man who has had no 
welding experience and train him is as 
satisfactory from all points of view as 
any other way of securing satisfactory 
welders. 

The first step is to hire the man with 
the definite purpose of training him to 
weld. Such a man is selected to meet the 
requirements of mentality, education and 
character expected of such an employee. 
He must also pass a rigid physical ex¬ 
amination. No experience in welding is 
especially desired. 

After the student welder has been 
hired, he is instructed in safety practices 
with special emphasis on the wearing of 
goggles, protection from arc burn and 
the care of small burns. The welding in¬ 
structor then assumes responsibility for 
him. The first consideration is to famil¬ 
iarize the student with the instructional 
department and assign a locker to him. 
The student is then taken to the tool room 
where tool checks, slagging hammer, 
electrode stock pot, chipping chisel, and 
weld gage are issued to him. He then 
goes to the stock room where he equips 
himself with safety goggles, welding hel¬ 
met, gloves, sleeves and apron. The 
welding instructor assists him in adjust¬ 
ing his equipment to fit and instructs him 
in such small, but important matters as 
changing helmet lens cover glasses. 

A welding machine is assigned to the 
student. The instructor explains the care 
of the cables, holder and machine and has 
the student start, stop and adjust the ma¬ 
chine. Safety precautions are stressed 
again at this stage. Actual welding prac¬ 
tice then is begun. Striking, holding and 
breaking an arc are first demonstrated by 
the instructor and then the student tries 
his hand at it. The next step is to de¬ 
posit a bead of weld metal in a straight 
line on a flat plate. Following comes in- 
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struction in changing electrodes and re¬ 
starting a weld with emphasis on fusing 
the new deposit smoothly and soundly to 
the first deposit. The student is taught 
from the very beginning to melt his elec¬ 
trodes to a P/s-in. stub end which he de¬ 
posits in a small compartment in his elec¬ 
trode stock pot and later returns to the 
stock room when he checks nut another 
supply of electrodes. 

The theoretical part of the student’s 
training also is begun the first day. He 
is given his copy of the textbook and a 
supplementary sheet with a questionnaire 
covering both the first lesson in tlie book 
and the supplementary lesson sheet. The 
supplementary sheet is designed to teach 
the student welding requirements presented 
as symbols on a blueprint. The reading 
of the textbook and answering of the 
questions for each lesson are done by the 
student at home or at the plant, and the 
questionnaires arc corrected by the in¬ 
structor and handed back to the student 
as fast as the student turns them in. At 
least one lesson a week is required under 
normal circumstances. 

Six to eight weeks, depending upon the 
student, are spent in practice welding- 
under the close supervision of the welding 
instructor. After he can strike and hold 
an arc and deposit a uniform, sound head 
with one or more breaks and starts in it, 
the student learns to tack weld pieces and 
to weld them soundly together. Welding 
in the flat position comes first. Proper 
arc length, position of electrode and 
manipulation of the arc are demonstrated 
by the instructor and then practiced until 
mastered by the student. WehL which 
have been deposited are carefully slagged, 
brushed, examined and criticized. The 
effect of porosity, undercut, overlap and 
excess or lack of heat are demonstrated 
by pointing out the visible defects and 
then by actually breaking the weld, so 
that the student can see what effect var¬ 
ious flaws actually have on a welded 
joint. 

More difficult welds are made as soon 
as the student is skilful enough to under¬ 
take them. Multiple-pass, positioned 
fillet welds acquaint the beginner with the 
effects of accumulated heat, the need for 
cleaning of each pass, how much metal 
can he deposited in one pass with certain 
sized electrodes and how to get complete 
lusion. penetration and good appearance. 

Horizontal fillet welds are practiced 


next, with frequent breaking of the speci¬ 
men welds to demonstrate the need for 
proper manipulation to obtain good fusion 
on the perpendicular leg of the weld. 

Vertical welds built from the bottom up 
in one, two or more passes, or down in 
many passes are made next. Horizontal 
groove welds, overhead groove and fillet 
welds are taught last. 

Almost all of this practice welding is 
done on scrap or small sections of plate 
cut for the purpose, although a few of 
the more advanced students sometimes 
weld the more simple joints on an order 
of factory tote bins or some similar fac¬ 
tory equipment. The different types of 
electrodes commonly used in the shop, 
their specialized purposes and the charac¬ 
teristics of each under different conditions 
are learned during practice. 

Throughout his entire practice course, 
and for four to six weeks after welding on 
production items, the student is studying 
the theoretical side of his work. The 
subject matter covers the theory of the 
welding machine, general terms and 
names associated with welding, the me¬ 
chanics of depositing metal by means of 
an arc. strength of welds and weld metal, 
hare electrodes and coated electrodes. 
All of this general theory is correlated 
with the manual welding practice, first by 
the welding instructor's personal contact 
with the student, and next by the supple¬ 
mentary sheets and questionnaire on the 
lessons. 

Some of the later lessons (there are 
forty questionnaires and three major ex¬ 
aminations over sections of the course) 
are devoted to the use of special welding 
electrodes, such as for surfacing, special 
high-tensile electrodes and the welding of 
special metals. This phase of the course 
is quite theoretical but forms a basis for 
the special work which some of the oper¬ 
ators do later, and serves to widen the 
student’s knowledge of the possibilities of 
his craft. 

The last eight lessons of the formal 
study course are devoted entirely to 
teaching the use of the standard weld¬ 
ing symbols. Ordinarily, the student has 
been welding on the simplest production 
work in the shop for from one to two 
months by the time he finishes his course 
with a final examination on welding and 
welding symbols. 

The step from manual practice in the 
instruction department to the first pro- 
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duction job in the shop is an important 
one. The regular procedure is to go 
from practice to the welding of simple 
* structures which are positioned for weld¬ 
ing and are welded in sufficient numbers 
to provide a full time job for several new 
welding operators. The welding is sim¬ 
ple, yet has variety in size of weld, thick¬ 
ness of material and length of weld. 

The student meets several new factors 
when he goes from the instructional de¬ 
partment to regular welding as a shop 
operator. For that reason, he is given 
close attention for a few days by one of 
the shop instructors. The experience of 
having his work examined by an inspector 
is sometimes upsetting to the new weld¬ 
er. Also, as a production welder, the 
new man is initiated into the experience 
of working at a productive job and of fol¬ 
lowing specified procedures. The fore¬ 
man and the welding instructor guide and 
counsel him. 

After three to four months of welding 
simpler structures the welder is usually 
placed in a department in which various 
small structures are fabricated. The 
work provides a greater variety of weld¬ 
ing than simple box sections, and another 
departmental welding instructor carefully 
tutors the welder in the new situations 
which he has to meet. 

After four to six months of experience 
in the small parts welding department, 
the welder is usually sufficiently skilled 
to be placed in one of several departments 
which fabricate the main structures. As 
one of the welders in these departments, 
he is usually teamed with an experienced 
man. Together they set up the structure 
in a fixture and then weld it in the same 
fixture, or a special welding fixture which 
allows for more favorable positioning. 
This type of work further widens the ex¬ 
perience of the welder, by giving him a 
wider variety of problems. At this stage 
the new welder really begins to become 
proficient in the use of the arc as a uni¬ 
versal tool for fabrication. 

After several months in one or several 
of these fabricating departments, the av¬ 
erage welder has acquired the knowl 
edge and skill which enable him to do 
most of the ordinary welding which is en¬ 
countered in the factory. With a short 
period allowed for his learning the special 
fixtures for the job, studying the prints 
and practicing on the job he can usually 
perform the processes in the normal time 


and with skill which meets the required 
standards of quality. Real proficiency, 
such as the ability to make special setups 
and welding in all positions without fix* 
tures, requires more practice and expe¬ 
rience. At the end of from twenty-four 
to thirty months his individual prefer¬ 
ences, abilities and inclinations tend to 
direct him toward the place in the organi¬ 
zation for which he is best fitted. 

TRAINING IN THE VOCATIONAL 

SCHOOL 

Public and private vocational schools 
have many problems in common, most of 
them springing from the one major diffi¬ 
culty—the wide variation in job require¬ 
ments. In order to survive, both must be 
able to show a record of successful place¬ 
ment in industry. 

From the standpoint of industry, the 
advantages of training outside the plant 
are as follows : 

1. Plant space and equipment are not 
required purely for instruction. 

2. The employer is relieved of the 
task of selecting trainees and the turn¬ 
over unavoidably incident to their train¬ 
ing. The employer is also saved all or 
part of the cost of training which may 
usually be from $200 to $500 per man. 

The disadvantages are : 

1. The lack of uniformity and stand¬ 
ards in training methods. 

2. The wide variation in the caliber 
of instruction prevalent in both public 
and private schools. 

3. There is usually little opportunity 
to exercise selection in the enrollment 
of trainees. 

4. Although the course may meet an 
employer’s specifications, the graduate 
lacks shop experience. 

In the development of public and private 
vocational school programs for the train¬ 
ing of welders, consideration must be given 
to (1) relationships to be established be¬ 
tween industry and school, (2) selection 
of those to be trained, (3) modern equip¬ 
ment for school shops and classrooms, 
(4) organization of a course of stud} 
adequate to meet the needs of the field to 
be served, (5) accurate and reliable in¬ 
structional material, (6) properly quali¬ 
fied instructors, (7) checking results o 
instruction and (8) provision for place¬ 
ment of graduates. . 

High standards in the above eight divi 
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sions arc essential to the success of the 
program whether the training is of the 
trade-preparatory type, training boys on 
all-day trade-preparatory basis for later 
entrance upon employment in some spe¬ 
cialized field; or of the trade extension 
type training boys and older men on an 
evening trade-extension basis for greater 
efficiency in the work at which they are 
already employed. 

Likewise, both in public and private 
trade schools, the same basic standards 
should be maintained. 

Relationship Between School and In¬ 
dustry 

In the organization and maintenance of 
programs for the training of welders, 
desired results can he achieved only when 
there is a proper relationship between 
school agencies, employers and labor. In 
some states the state education law makes 
mandatory advisory boards for vocational 
education in all cities and school districts 
maintaining vocational training programs. 
Such advisory boards are charged with 
the responsibility of making surveys to 
determine the needs for specific types of 
vocational training, and promoting the es¬ 
tablishment of vocational programs in the 
community. 

In small towns and cities, one advisory 
board representative of industry and labor 
may meet the need for all industries. In 
larger cities, subadvisory boards repre¬ 
senting each of the major industries are 
appointed to work under the general 
direction of the advisory board provided 
for in the state education law. The im¬ 
portance of maintaining close working re¬ 
lationships between school agencies and 
industry through such advisory boards 
cannot be stressed too strongly. The de¬ 
gree of such coordination may mean the 
difference between complete success and 
total failure in programs for the training 
of welding operators. 

Selection of Trainees 

Choosing a beginner who is to be en¬ 
rolled in a welding training program is 
as important as his training. In the guid¬ 
ance of young boys and men of school age 
into or out of welding training, the 
schools may be able to effect a selection 
of trainees conforming generally to the 
general qualifications stated earlier in 
this chapter, or specifically for the indus¬ 
trial job which they are to do. Careful 


selection of those to be trained will also 
eliminate those who are likely to be poor 
material because of either physical or 
mental disabilities. 

Course of Study 

Courses of study in general welding are 
justifiable in large industrial areas where 
job welding shops or large manufacturing 
plants employ welding mechanics in ade¬ 
quate numbers. In these ca>es the de¬ 
mand frequently is for welders to do both 
arc and gas welding. Wherever the 
numbers to be trained justify it, how¬ 
ever, separate classes should be estab¬ 
lished and- separate courses of study pro¬ 
vided for adequate training in both arc 
and gas welding in the several fields— 
welding for sheet metal workers, welding 
lor auto mechanics, welding for steam 
fitters, welding for aircraft workers, weld¬ 
ing for structural steel workers, welding 
for factory' maintenance men, and the 
like. 

Full-time day courses of study should 
provide for instruction in shop practice 
and related technology and in non-voca- 
tional subjects. On the basis of a six- 
hour school day, 30-hour week, 15 hours 
should be devoted to shop practice and 
shop theory, 77» hours to related tech¬ 
nology—including instruction in applied 
mathematics, applied science and applied 
drawing, and 7V 2 hours to non-vocational 
subjects—including instruction in Eng¬ 
lish, Civics and Industrial History. 

For the evening trade-extension type of 
training program, the most effective 
course of study can be organized on the 
basis of short units. Here the purpose is 
to give instruction supplementary to the 
daily work of persons over 16 years of 
age who already are industrial employees. 

Instructional Material 

New and improved tools and equip¬ 
ment, new processes which have been and 
are being developed, and the trend to¬ 
ward standardization in procedure make 
necessary the constant revision of instruc¬ 
tional material used in training programs, 
d lie instructor who fulfills his responsi¬ 
bility in this regard must be able to revise 
and write his own job instruction sheets. 
Much material, however, is available 
which can be used as basic reference 
material. The manufacturers of welding 
equipment and supplies have provided 
materials and engineering assistance 
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which can be used to advantage. Some 
of the trade associations representing in¬ 
dustries where the welding process lias 
recently been introduced have developed 
materials which can be used to very good 
advantage in their specialized fields. 
Typical is the Standard Manual on Pipe 
Welding developed and published by the 
Heating, Piping and Air Conditioning 
Contractors National Assn. The Ameri¬ 
can Welding Society's Codes and 
Standards, particularly the Code of Mini¬ 
mum Requirements for Instruction of 
Welding Operators (Part A—Arc Weld¬ 
ing of Steel and Part B-l—Oxy-Acety¬ 
lene Welding of Steel Aircraft) provide 
important basic course materials for in¬ 
struction, described in more detail later. 

Another important example of this is 
the Outline of Training Course for Oxy- 
Acetylcne Welding and Cutting Oper¬ 
ators issued by the International Acety¬ 
lene Association. This course presents in 
outline form a series of self-contained 
lessons for training welders and cutting 
operators and inspectors. These lessons 
have been arranged in the ideal order for 
presenting a general course in welding, 
courses in aircraft welding and pipe weld¬ 
ing, a general course in cutting, a course 
for structural steel cutting operators, or 
a course for inspectors. Each lesson con¬ 
tains an outline of theory or related ma¬ 
terial to be covered by lecture, suggested 
assignments for outside study and recom¬ 
mendations for demonstrations and for 
practice exercises. 

Instructional material must be of two 
kinds: (1) job instruction sheets and 

(2) related instructional material. Job 
instruction sheets contain step-by-step 
procedures in the doing of particular jobs, 
the listing of the apparatus tools and 
materials used in each job, together with 
safety precautions and other suggestions 
for the instructor and student. Related 
instructional material provides material 
and data on welding construction, includ¬ 
ing the designing, laying out and fabrica¬ 
tion of various types of welded joints; 
engineering and practical data; and 
specifications and standards covering the 
welding procedures to be followed in the 
particular field. 

Because carelessness or lack of ability 
in the proper operation of welding equip¬ 
ment may result in excessive costs and 
even in hazards to both life and property, 


it is extremely important that rules and 
regulations covering safety be incor¬ 
porated in the instructional material. 

Equipping the Welding School 

Quarters to be assigned to a welding 
school depend, of course, on the space 
which may be available. A shop with a 
floor area of 1500 sq. ft., preferably about 
50 ft. by 30 ft., will prove satisfactory for 
a welding work room to accommodate a 
maximum of eighteen students, together 
with a small lecture room, wash room, a 
small store room for welding equipment 
and space for other materials and equip¬ 
ment needed in a welding training pro¬ 
gram. The floor should be of concrete, 
if possible. A lecture room may be avail¬ 
able for use in another part of the school 
building. The lecture room should in¬ 
clude facilities for the showing of films. 
Because of the cost involved, many 
schools prefer to prepare and equip a 
single room for film work, making it 
available to all departments in the school. 

Experience has shown that effective in¬ 
struction cannot be given to a group of 
more than eighteen students by one in¬ 
structor. If instruction is to be given to 
larger numbers, the groups should be 
separated into two or more sections each 
with its own instructor. 

Instructors 

The key to the success of the training 
program is a qualified instructor. A poor 
instructor, even when provided with the 
best in equipment, course of study, and 
instructional material, will produce only 
mediocre results. 

Instructors are of two kinds: Those 
who teach the practical shop work; and 
those who teach the related technology 
mathematics, science and mechanical 
drawing. These two types of instructors 
must possess different training, expe¬ 
rience and other qualifications. The in¬ 
structor who teaches the shop work must 
be a thoroughly qualified, experienced 
welder and also he must be a good instruc¬ 
tor. The instructor who teaches the re¬ 
lated technology must be adequately 
trained in the applied related subjects and 
must also be a good instructor. The 
AWS Code of Minimum Requirements 
for Instruction of Welding Operators 
mentioned above provides helpful data 
for instructor evaluation. 
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Checking Results of Instruction 

The knowledge, skill and judgment of 
pupils should be tested and found satis¬ 
factory at regular intervals before new 
work in the course of study is undertaken. 
Testing serves three purposes. It deter¬ 
mines the progress made by the individ¬ 
ual, it acts as a review of the work 
covered in past instruction, and it shows 
the instructor where his instruction has 
been weak in subject matter or in method, 
or both. 

Testing for knowledge and skill in¬ 
volves two distinct operations. Separate 
tests must be given for each. This is 
necessary because the student may be well 
advanced in general knowledge of the 
welding process and yet have little skill, 
or vice versa. Although tests for knowl¬ 
edge and skill require separate examina¬ 
tions, the content of each may be related 
to the other. A performance test may be 
given which involves the application of 
principles of the theoretical and technical 
phases of welding. Performance tests ad¬ 
ministered at intervals during the course 
should cover the important skills which 
have been taught. Tests for knowledge 
can be oral or written, while tests for 
skill must be by performance. 

The results of these tests furnish a 
complete history of the student through 
his entire training period. This history 
constitutes a record of progress, and 
should be kept from the time the student 
is first tested until he has completed his 
entire period of training. Accurate re¬ 
cording enables the instructor, the student 
and the prospective employer to know the 
progress which any student has made. 

The above mentioned AWS Code of 
Minimum Instruction Requirements rec¬ 
ommends tests which closely simulate 
the qualification tests which are used in 
industry. 

Provision for Placement of Graduates 

In evening trade-extension programs, 
students in training usually already have 
been working as welders. In all-day 
trade-preparatory training programs, the 
school and instructor have a definite re¬ 
sponsibility to the student for assistance 
in his satisfactory placement at the con¬ 
clusion of his training. The record of 
placement of the school is proof of the 
effectiveness of the training program. If 
the right kind of relationship has been 


established and maintained between school 
and industry, and if high standards have 
been maintained, the placement of gradu¬ 
ates should follow as a matter of course. 

Length of Course 

The length of the training period is 
among the most controversial questions. 
It should be determined on the basis of 
need. It is true that a young man with 
aptitude may be taught in a comparatively 
short time how to hold an arc and deposit 
metal. In exceptional cases the metal 
so deposited will be of good quality. 
However, it would be ridiculous to say 
that he is a finished welder. He is good 
welder material; he is not ready to go 
to work. He needs many hours of prac¬ 
tice so that he can complete basic types of 
welds. The various manipulation tech¬ 
niques need to be experienced; only 
through actual practice can he become 
accustomed to new work positions. The 
final objective is a measure of the time 
required to develop the welder to an em¬ 
ployable skill. 

Under some conditions, there is a tend¬ 
ency for the instructor, or the employer, 
or the student, to speed up the training 
program by increasing the length of the 
shop practice periods. Such procedure is 
of doubtful value, because when the be¬ 
ginner is kept practicing after he has 
reached the fatigue point and is working 
under unaccustomed strain, he is more 
likely to develop undesirable welding 
habits than he is to improve his welding 
ability. 

Welding is primarily manual work. 
Regardless of the desirability that an op¬ 
erator know as much about the theory of 
his work as possible, the chief function of 
the welding school is to impart a cer¬ 
tain degree of manipulative skill to the 
student. This skill involves a more or 
less complete control over the pool of 
molten metal into which the deposited 
metal flows under his guidance. When 
the student can exercise this control with¬ 
out undue tension, and continue it with 
a uniform measure of skill throughout 
a normal working day he is ready to go 
to work. 

In areas where there is a great diver¬ 
sity of welding activities, the school man¬ 
agement finds it difficult to decide on the 
scope of the practice exercises. The best 
solution is to select exercises which are 



1054 


TRAINING AND QUALIFYING 


representative of average conditions, tak¬ 
ing care to include enough basic exercises 
on material of medium thickness so that 
the student can become thoroughly in 
formed as to the nature of sound weld de 
posits and how to make them. There is 
more to be gained by learning to do a 
small number of exercises well than by 
a more or less superficial practice over a 
very wide and confusing range of mate¬ 
rials. 

When the student is ready to go to 
work, he is by no means a finished weld¬ 
er. He needs weeks of work under 
shop conditions to become familiar with 
the various conditions encountered in 
practice, which are so widely different 
from the simple exercises performed in 
the instruction booth. In many cases the 
student after graduation is put to work 
first as a tack welder or on work which 
is of minor importance. This gives him 
an opportunity to get further practice 
under observation, and to observe what 
the requirements of more advanced work 
are and to develop his technique until it 
is satisfactory for the more advanced 
work. The length of time required for 
making such progress will always vary 
from plant to plant. 

All of these observations point to the 
need for cooperation between the em¬ 
ployer and the school management. It is 
usually a simple matter for the employer 
to arrange with the instructors to provide 
a certain number of students with anv 

90 

special exercise work that is typical of his 
plant conditions and operations. It is 
equally practical to arrange for special 
qualification tests at the end of the course 
so that a student who has the necessary 
aptitude and who has made satisfactory 
progress during the instruction period 
can demonstrate at the time of applying 
for employment that he is qualified to weld 
on the materials and in the positions 
which are particularly important for the 
specific job. 

The desirability of instruction in the 
theory of welding either by classwork 
or by lectures, making full use of visual 
aids, can scarcely be questioned. The 
welder who works with his hands alone 
is at a disadvantage in competition with 
one who works with both his hands and 
his head. Care must also be taken to 
guard against the possibility of overdo¬ 
ing this type of work at the expense of 
welding practice. Again the training ob¬ 


jective should be the determining factor 
as to amount of classroom work. 

There is a wide divergence in the de¬ 
tails of methods used by successful weld¬ 
ing schools. Many of them are exclu¬ 
sively devoted to welding instruction and 
others are departments of larger trade 
schools. Some of them are better 
equipped than others. And there is a 
very great difference in the method of 
teaching theory. Yet they have some 
fundamental things in common. They rec¬ 
ognize that the most important objective 
is the development of manipulative skill. 
The>’ are careful to observe the attitude 
and aptitude of the student. They famil¬ 
iarize themselves with the requirements 
of the employers in their area and concen¬ 
trate on developing the highest possible 
degree of employability in the students, 
and they do not certify the student as 
having satisfactorily completed the course 
until that student has demonstrated in the 
school his ability to pass one or more of 
the recognized qualification tests. 

The equipment of the school for prac¬ 
tical training should be of ample capacity 
for practice work for average welding 
conditions. Welding machines should at 
least be capable of continuous operation 
with 3 /i«-in. electrodes. In cases where 
students are being especially trained for 
employment where larger electrodes are 
used, the school should have welding ma¬ 
chines of sufficient capacity to give this 
practice. Equipment for the preparation 
and cutting of metal is essential. Time 
lost in material preparation will neces¬ 
sarily cut into the practice time and will 
seriously handicap the trainee. 

Fixtures and equipment should be pro¬ 
vided for making qualification tests in the 
school, and the experience of making 
welds for these qualification tests can well 
be regarded as a vital part of the instruc¬ 
tion rather than as an accessory demon¬ 
stration. In this connection, it is advis¬ 
able to have a permanent display board 
vshowing samples of welds of different de¬ 
grees of soundness which have been frac¬ 
tured so as to show the nature of the weld 
metal. 

THE COOPERATIVE PLAN OF 
SCHOOL AND FACTORY TRAINING 

A training program in which a trainee 
welder must spend roughly ha. 0 
his time learning or actually welding m 
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an industry and furthers his general and 
related education in a formal school on 
the high-school or college level is known 
as a cooperative plan, and presents dis¬ 
tinct and important advantages. Some of 
them are: 

1. A trainee receives actual practice 
in real welding work (preferably in 
periods of not over half a day per day) 
which develops his manual skill at the 
most practical rapid rate. 

2. Employers of such part time 
trainees may train them in the specific 
type of work which is desired and the 
alternation of students for half a day 
periods balances their working crews 
with very little additional supervisory 
attention. 

3. Employers have the opportunity to 
evaluate the trainees and select those 
who show the most aptitude and prob¬ 
ability of successful operation or ad¬ 
vancement. 

4. The furthering of the student’s 
general education or related theory in 
the science of welding or the related 
mechanical drawing, blueprint reading, 
mathematics, physics, chemistry, metal 
lurgy and such courses, provides a basis 
upon which a student may develop a 
parallel to his shop work for advance¬ 
ment beyond the minimum welder re¬ 
quirements. 

5. Employers of these trainees do not 
have to spend the time and money to 
provide the related theory and general 
education which are most desirable 
for the trainees. 

6. The school and the factory man¬ 
agement become better acquainted, 
each learning more about the other's 
problem and directing hi** efforts co¬ 
operatively toward the common end ; 
that of producing well-qualified weld¬ 
ers and welding personnel. 

In cooperative training plans, the school 
and the employing organization work to¬ 
gether. each supplying a part of the total 
training requirements. The employers 
supply available, part-time training work 
with pay, as a part of the training and 
the school furnishes the instruction in 
pre-employment work and related sub¬ 
jects. 

Instructors should be qualified on tin¬ 
type of work that is being covered In 
the training program. In addition to 
their ability to weld, they should have had 
previous experience handling people and 
organizing work situations. It is often 
found desirable in the case of training for 


upgrading taking place in the evening 
school or where specific training of tem¬ 
porary nature is being carried on to bor¬ 
row a man from industry to act as in¬ 
structor. 

The training plan should provide for 
the training of the new employee through 
pre-employment type of training, for 
those lesser skill jobs that are so numer¬ 
ous in most shops. After employment a 
program of upgrading may be set up for 
the new employee, based upon practical 
work situations that exist in the particu¬ 
lar industry. It has been found best to 
carry on this training on the student's 
free time, as this enables him to have a 
bigger stake in the program and gives the 
company the opportunity to better eval¬ 
uate the character of the new employee. 

The success of any program will de¬ 
pend to a great extent upon adequate co¬ 
ordination between the school and indus¬ 
try. A coordinator representing the 
school should work with someone in in¬ 
dustry who has the authority to have 
training policies carried out. It is the 
job of these coordinators to make sure 
that the training is meeting the needs of 
the job and also to provide for a sym¬ 
pathetic acceptance of the new graduate 
hv supervisors and older employees. 

Close cooperation between industry and 
the schools, both public and private, has 
been emphasized throughout the forego¬ 
ing. Experience can come only through 
employment and work on the job. Indus¬ 
try must recognize this fact and in any 
period in which a shortage of experienced 
operators exists, accept the partly or 
school-trained student and through care¬ 
ful supervision, permit him to gain the 
experience necessary to perform the work 
assigned. An example of its practical ap¬ 
plication, both for pre-employment train¬ 
ing and in the upgrading of employees, is 
furnished by the training for welding 
operators at the plant of a large shipyard 
on the Atlantic Coast. Certain special 
circumstances exist in this case which 
should be given full consideration in 
evaluating the system and, therefore, the 
practicability of its application elsewhere: 

(a) The shipyard is the largest em¬ 
ployer of qualified welders in the dis¬ 
trict served by the local vocational 
school. Since this shipyard offers the 
pi incipal opportunity for placement of 
students from private schools, it can 
bring greater pressure to bear upon 
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their policy than otherwise possible. 

(b) There is no production welding 
in this plant which can be done by stu¬ 
dents before qualification to the mini¬ 
mum requirements of the United States 
Navy, except tack welding. The weld¬ 
ing time in this is so limited that it 
provides almost no practice or experi¬ 
ence for students beyond familiarizing 
them with equipment and shop condi¬ 
tions. 

For a number of years this company 
operated its own school within the plant. 
The disadvantages previously enumerated 
have been so forcibly demonstrated that a 
policy of close cooperation with local 
vocational and private schools was inau¬ 
gurated for both divisions of its training- 
program ; namely, pre-employment train¬ 
ing and upgrading. In view of the many 
facilities now available for pre-employ¬ 
ment instruction, both public and private, 
but with principal dependence upon the 
latter, the shipyard requires a minimum 
amount of instruction and the ability to 
pass the Navy tests before employment. 
The prospective employee is required to 
obtain this either at the local vocational 
school or at his own expense at a private 
school accredited by the shipyard. Be¬ 
fore being admitted for test, the applicant 
is required to present a certificate or let¬ 
ter from the school certifying that he has 
completed the minimum instruction course 
outlined by the yard for tack welding and 
that, in the opinion of the school, he is 
ready for the preliminary test, details of 
which have been made known to all con¬ 
cerned. 

Following successful completion of this 
test, which is given at the plant, the stu¬ 
dent is offered employment as a welder- 
learner. As a learner, he performs tack 
welding on the job during regular work¬ 
ing hours but agrees to continue attend¬ 
ance at a welding school designated by 
the company for a minimum of six hours 
a week, outside of working hours. Full 
use is made of the facilities provided by 
the vocational schools but when these 
facilities are inadequate for the peak per¬ 
iods of training, learners are sent to pri¬ 
vate schools at the company’s expense. 
These schools are carefully selected and 
must meet rigid requirements as to equip¬ 
ment and instructors, and must follow 
the course of instruction furnished by 
the shipyard. A traveling inspector 
spends full time visiting these schools 
checking on progress of students and 


maintaining adherence to the terms of the 
contract. 

All instructors must demonstrate their 
ability to pass all qualification tests re¬ 
quired. As a matter of fact, many of the 
instructors, both full and part-time, at 
all schools involved, are shipyard weld¬ 
ers or subforemen, a number of whom 
have been furloughed to take full-time 
teaching positions. Complete records are 
maintained on each welder-learner and the 
relative efficiency of instruction at var¬ 
ious schools and of various instructors is 
readily determined. The number of 
school hours per man to qualify for mini¬ 
mum requirements for Navy work is rela¬ 
tively low although the calendar time, 
due to only six hours per week of steady 
welding time, may be unduly long. This 
can be reduced only by the provision of 
some form of work during the learner’s 
regular working hours which would pro¬ 
vide more welding time than in tacking. 

After completion of the advanced 
course in welding plain and galvanized 
steel, all types of joints in all positions 
using 3 /io-in. electrode for vertical and 
overhead and the larger diameters for 
downhand work, the learner is given the 
Navy No. 1 welding tests. Passing these 
tests terminates his course of instruction 
in the outside school and establishes his 
work rating as a third-class welder. 
From this point on, his upgrading and 
instruction on special materials is accom¬ 
plished on the job and by a limited 
amount of school instruction and practice 
time within the plant. No method has 
yet been worked out to obtain adequate 
instruction elsewhere in special processes 
frequently involving the use of expensive 
electrodes and materials not available to 
schools. 

An essential feature of the close coop¬ 
eration between the company and the 
schools, both public and private, is the 
provision of suitable scrap, prepared for 
instruction. All plate scrap in the plant 
is assigned to the training program an 
after being cut into suitable sizes for 
the use of students, is assigned to the 
various schools in the approximate ratio 
of their quota of learners. For those men 
who have nearly completed the course an 
are preparing for qualification, regulation 

test plates are provided for practice, al¬ 
though the official tests are given at the 
company’s plant and are observed by t ie 
Navy or other inspection agency involved. 
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MINIMUM REQUIREMENTS FOR 

OPERATORS 

The American Welding Society Com¬ 
mittee on Minimum Requirements of 
Instructions for Welding Operators has 
undertaken a broad and comprehensive 
program of preparing a series of codes 
of minimum requirements for the several 
categories of welding encountered indus¬ 
trially. As currently organized this in¬ 
cludes (1) arc welding of thick material; 
(2) arc welding of thin material; (3) 
gas welding of thick material; (4) gas 
welding of thin material. The topics 
under thin materials have been further 
subdivided to provide for the specific 
problems encountered in aircraft welding 
to cover this highly specialized field. 

The minimum requirements for candi¬ 
dates for welding courses are dependent, 
to a large degree, upon conditions existing 
at the time the course is to be given. 
Under the exigencies of war-time, it is 
permissible and sometimes necessary to 
relax or eliminate requirements which in 
peace-time are considered essential. How¬ 
ever, the policy in writing these codes 
has been to predicate every feature on 
normal peace-time conditions and leave 
adjusting of the details to those adminis¬ 
tering the code. 

Each Part of the Code of Minimum Re¬ 
quirements defines the basic minimum re¬ 
quirements as to equipment and school 
facilities, qualifications of instructors, 
hours of practice, hours of related theory, 
welding exercises and final tests. Each 
Part also includes a series of appendices 
containing supplementary information, 
one of which is an annotated bibliography 
of publications, books, periodicals, films, 
etc., of use in training or of interest to 
the student as a potential welding oper¬ 
ator. 

training welding supervisors 

AND INSPECTORS 

In the normal functioning of an organi¬ 
zation of welding personnel, the next step 
in the advancement of a competent welder 
is to a position of supervisor. It, there¬ 
fore, follows that a welding supervisor 
must possess all of the qualifications of 
a welder, plus the ability to organize 
work and direct men. 

The supervisor should have all the edu¬ 
cational background and experience of the 


welder. Where qualification tests are a 
regular part of routine, he should be 
capable of passing them along with his 
men. He should also be able to perform 
any of the welding which his men are 
called upon to execute. A supervisor 
with such skill will naturallv command 
the respect of those who work for him. 

The supervisor must, however, exhibit 
ability beyond welding skill since it is 
this added feature which places him in his 
position of responsibility. He has to or¬ 
ganize the work of those under him effec¬ 
tively and efficiently. It is his duty to 
interpret the policies and program of 
management in a manner that will be 
understandable to his force. Another 
phase of the supervisor’s duties is the ad¬ 
justment of differences between those 
under him. 

The training of a welding supervisor, 
therefore, is something beyond that of the 
welder—in fact, much of it is not peculiar 
to welding. With the background of 
practical welding the next upward step 
is training at the level usually classified 
as foreman training. Further, manage¬ 
ment must also provide means for ac¬ 
quainting the trainee inspector with their 
policies and plans. 

Advancement in the science of welding 
may be secured in any of several ways, 
depending upon the facilities available in 
the locality. If college level instruction 
is available it will usually be possible to 
take evening courses in blueprint reading, 
elementary metallurgy, elementary 
strength of materials and other topics re¬ 
lated to the day-by-day work. Where 
college level instruction cannot be secured 
it is often possible to arrange, through 
adult education programs in the local 
high schools, to secure equivalent instruc¬ 
tion. Then there is always the possibility 
of studying many of these subjects 
through correspondence courses. A fur¬ 
ther source of welding knowledge which 
should not be overlooked is membership 
in the American Welding Society, in 
conjunction with regular attendance at 
section meetings, and The IV define/ 
Journal and other AWS publications 

\\ hicli are a wealth of welding informa¬ 
tion. 

The differences between the duties of 
welding supervisors and welding inspec¬ 
tors are sufficient to justify corresponding 
differences in their training notwithstand¬ 
ing the fact that many of the subjects 
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should be given to both groups. While 
not absolutely essential, a welding in¬ 
spector should have had some experience 
in actual welding. Lacking such ex¬ 
perience, however, he should receive a 
very thorough training in the funda¬ 
mentals of the welding processes to be 
used on the work to be inspected. 

The welding inspector should be trained 
to read blueprints with great facility. He 
might well also receive instruction in ele¬ 
mentary drafting, particularly the making 
of field sketches. Obviously he should 
• have a thorough knowledge of the stand¬ 
ard welding symbols. Knowledge and 
skill in the use of tools and instruments 
employed in making measurements are of 
prime importance. Similarly he should 
receive instruction in the standard testing 
procedures as well as those peculiar to 
welding. These latter should include 
visual inspection at all phases of the con¬ 
struction procedure as well as identifica¬ 
tion of weld defects as disclosed by sec¬ 
tioning, X-ray examination, magnetic 
particle inspection, etc. 

The American Welding Society has 
published a number of standards for weld¬ 
ing in various fields and in addition has 
certain general standards such as the 
Standard Qualification Procedure, the 
Filler Metal Specifications, etc. A com¬ 
petent welding inspector must be thorough¬ 
ly familiar with all of these and particular¬ 
ly those applying to the work under inspec¬ 
tion. A welding inspector should also be 
conversant with the welding provisions 
of such regulations as the ASME Boiler 
Construction Code, the API-ASME Un¬ 
fired Pressure Vessel Code and others. 

The duties and function of a welding 
inspector are well covered in the AWS 
Inspection Handbook for Manual Metal- 
Arc Welding which covers in detail many 
of the items discussed briefly here. 

TRAINING WELDING ENGINEERS 

Welding engineering as a collegiate 
course leading to the degree of Welding 
Engineer is taught in only a few schools. 
In consequence most of the college-edu¬ 
cated welding engineers currently in prac¬ 
tice have received their training in one of 
the broad fields of engineering study and 
subsequently, in industry. Therefore, the 
first phase of the education of a welding 
engineer is the acquisition of broad, sound 


knowledge of engineering, preferably 
by formal study leading to a degree. 

While it is not necessary that an engi¬ 
neer be capable of performing welding 
operations, it is distinctly helpful to have 
first-hand knowledge of practical weld¬ 
ing. Therefore, one of the next steps is 
training in the actual welding techniques. 
Generally, most technical schools provide 
for some of this instruction, but at best 
it is insufficient for one who proposes to 
specialize in the field. The best place to 
learn the art of welding is in a welding 
shop. 

A fundamental knowledge of electricity, 
which most engineers receive in school, 
must be applied and interpreted in terms 
of welding machines and equipment. This 
should include not only arc welding but 
also resistance welding. With modern 
welding equipment this will include at 
least an understanding of electronics 
and if it has not been obtained in the 
normal college course, will necessitate 
further study. In a similar manner 
proper understanding of the gas-welding 
processes require at least an elementary 
knowledge of chemistry. 

To the training in materials testing 
which every engineer receives, must be 
added work in the specialized methods 
used in weld testing. However, this is 
but one phase of the large field of inspec¬ 
tion of welding and the codes under which 
such inspection is conducted. The weld¬ 
ing engineer should have a knowledge of 
all the codes and specifications used in 
welding and be thoroughly familiar with 
those used in daily work. Since the weld¬ 
ing engineer supervises the work of the 
welding inspector, his knowledge must be 
at least equal to that of the inspector in 
order that he may be able to direct his 
work intelligently. 

Metallurgy is another important phase 
of the welding engineer’s education. t 
should include a thorough training in the 
fundamentals and may be a part of t e 
basic course in engineering, or it may e 
taken as supplementary work. The 
fundamentals, however, must be expanded 
to cover the application of this very lin 
portant subject to the specific problems 
encountered in welding. The program 111 
this field should include ferrous and non- 
ferrous metallurgy. It should also treat 
the functions and uses of electrode coa 
ings, fluxes, inert gases and, in shor . 
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anything which influences the composi¬ 
tion, soundness or quality of the weld. 

It may be assumed that an engineering 
graduate will have had a thorough 
grounding in design fundamentals. This 
training should be supplemented with 


specific instruction in welded design. The 
welding engineer should be the last re¬ 
sort on matters related to welding. There¬ 
fore, it follows that his education and 
training should be broad so that he may 
be able to render mature decisions. 
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CHAPTER 46 


SAFE PRACTICES IN WELDING 

AND CUTTING* 


GENERAL 

It is not intended that this chapter 
go into the question of what structures 
can he welded safely beyond stating that 
where the safety of a structure is de¬ 
pendent upon the strength of the welded 
joint, the welding shall be carried out 
under the provisions of the code which 
applies and that the procedure and oper¬ 
ators doing the work shall be qualified in 
accordance with the provisions of the 
applicable code. 

Manufacturers furnish instructions with 
their equipment and supplies; the user 
should be conversant with these. The 
handling, storage and use of equipment 
and supplies for all welding and cutting 
operations require that the user familiar¬ 
ize himself with and observe the safe 
practices given herein. Further details 
will be found in the sources listed in the 
bibliography at the end of this chapter. 

SELECTION AND INSTALLATION 

OF EQUIPMENT 

General 

It is necessary not only to select the 
welding equipment and materials which 
will give a satisfactory finished product 
but it is also important to determine that 
the materials and equipment can be used 
safely under the conditions required by 
the operation. 

Welding equipment and apparatus are 
manufactured in different sizes and, 
therefore, this factor should be given con- 
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sideration when securing tools from the 
storeroom or making purchases. 

Having selected the proper equipment, 
users should familiarize themselves with 
its proper use as noted in the manufac¬ 
turer’s literature. 

Gas-Welding and Cutting Equipment 

It is important that only apparatus, 
such as torches, regulators or reducing 
valves and acetylene generators, that have 
been examined and tested and found to 
be safeguarded in so far as is practicable, 
be used. Most insurance companies and 
local authorities will accept materials 
listed by Underwriters’ Laboratories, Inc., 
Chicago, or approved and listed by Fac¬ 
tory Mutual Laboratories, Boston. The 
proper welding head or mixer, tip or 
cutting nozzle should be selected accord¬ 
ing to the chart or table furnished by the 

torch manufacturer. 

Only acetylene generators manufactured 
in accordance with approved standards of 
construction and plainly marked with the 
maximum rate in cubic feet per hour of 
acetylene for which they are designed, 
weight and size of carbide necessary for 
a single charge, the manufacturer s name 
and address and the name or number of 
the type of generator should be used. 

Hose and Hose Connections .—Hose 
necessary to connect a torch or other 
welding device to gas-supply outlets must 
be of a good quality of rubber having a 
sufficient number of plies of fabric to 
withstand the service for which it is 
employed. Red is the generally recog¬ 
nized color for fuel-gas hose and green 
for oxygen hose. 

Hose connections should conform t 
Standard Hose Connection Specifications 
of the International Acetylene Associa 
tion. They should be marked for identi 
fication to avoid interchange o ue 
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and oxygen hose. Hose connections 
must be made through substantial fittings 
and clamped or otherwise securely fas¬ 
tened in such a manner as to withstand 
without leakage, a pressure twice as great 
as the maximum delivery pressure of the 
pressure regulators provided on the sys¬ 
tem. The connections between hose and 
nipple or gland may be of either the 
ferrule or clamp type. 

A single hose having more than one 
gas passage is not recommended if a 
wall failure would permit the flow of 
one gas into the other gas passage. Hose 
with an external metallic covering is not 
recommended. However, in certain types 
of operations, particularly machine proc¬ 
esses, hose having an inner metallic rein¬ 
forcement which is neither exposed to 
the gas passage nor to the outside at¬ 
mosphere is acceptable. Short lengths 
of metal covered hose which are a part 
of the machine or appliance are accept¬ 
able. 

While in some classes of light work it 
is desirable to have a light and flexible 
hose, such hose must be capable of with¬ 
standing a hydrostatic pressure of 200 
psi. held for 5 minutes. For heavier 
service and for gases under pressures 
greater than 15 psi., a hose capable of 
withstanding a test pressure of -400 psi. 
shall be used. 

Cylinders .—Only cylinders which com¬ 
ply with the specifications of the Inter¬ 
state Commerce Commission, effective at 
the date of their manufacture, shall he 
used for the storage and shipment of 
compressed gases. Such cylinders must 
be maintained and charged with gas in 
accordance with ICC regulations. 

d/ anifolding Cylinders .—( y 1 inders are 
manifolded for the purpose of centralizing 
the gas supply, to provide a continuous 
supply of gas and to provide gas at a 
rate in excess of that which may he 
obtained from a single cylinder. Such 
manifolds must be of substantial construc¬ 
tion and of a design and material suitable 
for the particular gas and service for 
which they are to be used. The wide 
range of pressures encountered in the 
gases used, from the relatively low pres¬ 
sures of acetylene to the high pressures 
needed for oxygen, makes it necessary 
that care be employed in the construction, 
installation and maintenance of manifolds. 

It is advisable to obtain manifolds from, 


and have them installed under the super¬ 
vision of those familiar with the proper 
practices with reference to their con¬ 
struction and use. 

Regulators .—Regulators or automatic 
reducing valves shall only be used for the 
gas for which they are intended. 

Arc Welding Equipment 

Machines .—Arc welding machines may 
be designed for use with either direct 
current or alternating current. Direct 
current machines consist of a generator 
with ampere and voltage characteristics 
suitable for arc initiation and mainte¬ 
nance, driven by a motor, or, for locations 
where electric pow r er is not available, by 
either a gasoline or Diesel engine. 

Alternating current machines are of the 
two-winding, air-cooled transformer type 
with secondary (output) characteristics 
suitable for initiating and maintaining the 
arc. 

The National Electrical Manufacturers 
Association has, over a period of years, 
developed standards for electric arc- 
welding machines and kept these up to 
date as new developments or practices 
became established. These standards 
cover established practice in ratings, basis 
of rating, methods of test and broad 
overall principles of construction con¬ 
tributing to safety. 

1 he MEM A Standards referred to es¬ 
tablish the industrial ratings of arc 
welders, both a.c. and d.c., on the basis 
ot 00- and 50%-duty cycles. In the case 
of a.c. transformer-type welders, a third 
class is added, which is known as the 
limited input welding machine. 

1 lie 60%-dtity cycle machines cover¬ 
ing ratings 200 amp. and over are usually 
heavy duty welders. The 50%-duty cycle 
machines, having ratings 200 amp. and 
below, are intended for lighter welding 
operations, which usually do not involve 
continuous welding. 

1 he limited input machines are pri¬ 
marily for use on single-phase circuits 
of limited capacity such as are found 

serving small shops, service garages and 
farms. 

I he 50%-duty cycle and limited input 
welders are essentially portable machines 
m that they are not used in a fixed loca¬ 
tion nor, in general, in a fixed area. 

C onsequently, standard practice is to pro¬ 
vide these machines with primary service 
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cable and fittings and with complete sets 
of welding accessories. Further, since 
they are generally used in locations and 
in shops where expert supervision is not 
available, they are usually listed by the 
Underwriters’ Laboratories, Inc. Direct 
and alternating current machines in 
the 60%-duty cycle class usually are 
used in industries where good supervision 
of installation and operation is available; 
consequently, these machines are not 
listed by the Underwriters’ Laboratories. 

Installation of Equipment. —The 1947 
edition of the National Electrical Code 
covers the proper installation procedures 
for power supply circuits and circuit pro¬ 
tection for both d.c. motor driven and 
transformer type a.c. welding installa¬ 
tions. 

It should be kept in mind that any 
device mounted on an a.c. welding ma¬ 
chine should be capable of opening the 
circuit under any conditions of load. 
Contactors are not generally used be¬ 
cause they are not circuit breakers. The 
National Electrical Code covers the 
proper selection of breakers or switches 
for the duty required. 

Provision must be made in all cases, 
for both a.c. and d.c. machines, for 
grounding the frame or case of the ma¬ 
chine, in order to protect the welder 
against the possibility of exposure to the 
power supply voltage due to possible 
breakdown of insulation in the machine. 
Although this is improbable in modern 
machines, this safety measure should 
always be observed. 

Grounding of the frames is quite easy 
in machines permanently installed, but 
can be easily overlooked in portable ma¬ 
chines. The use of multi-conductor pri¬ 
mary cables is recommended. In the case 
of small, portable, single-phase a.c. ma¬ 
chines an Underwriters’ Laboratories ap¬ 
proved primary cable, with two power 
conductors and one ground conductor 
complete with primary fittings, is usually 
supplied as a part of the machine. 

Attention is especially called to the 
following practice, which should be used 
in the installation of groups of single¬ 
phase, transformer-type machines on 
single-phase or poly-phase systems. 

Although most modern a.c. welding 
machines have open-circuit voltages 
within the maximum 80 volts recom¬ 
mended in the NEMA Standards, indis¬ 


criminate connection of these machines 
without attention to polarity and phase 
relations of the individual machines can 
result in combinations of voltages which 
under possible, even if remote, circum¬ 
stances could expose the operator to a 
considerably higher open-circuit voltage. 
The American Standard on Safety in 
Electric and Gas Welding and Cutting 
Operations contains explicit instructions 
on how to handle this problem. 

Accessories and Cables. —The welding 
circuit, consisting of welding-service cable 
for the electrode lead and work lead, 
electrode holder, ground clamps and con¬ 
nectors for providing extensions to the 
leads are among the accessories required 
for arc welding. 

Electrode Holders. —Electrode holders 
of many individual designs are available 
for the lightest to the heaviest types of 
welding. These holders broadly fall into 
two classes : holders which are fully in¬ 
sulated and those which are insulated ex¬ 
cept for the electrode gripping jaws. 

Many bare jaw holders are still used 
but the trend is toward the fully insulated 
type. The fully insulated type should 
always be used with a.c. machines to afford 
additional welder protection. Care 
should be taken to make sure that fully 
insulated holders do not have exposed 
screw heads on any portion of the holder 
that might come in contact with the 
operator. 

A continuous length of cable should be 
used from the holder to the machine, thus 
avoiding joints which, if not well in¬ 
sulated, could come in contact with the 
operator. This is usually satisfactory if 
lengths do not exceed 35 ft. and a good 
grade of extra flexible welding cable is 
used. In no case should cable splices be 
permitted within 10 ft. of the holder. 

Cables and Welding Leads. —Welding 
cables have been developed to meet re¬ 
quirements of flexibility and hard usage 
and only cable of this type should be used, 
and of a capacity to meet the maximum 
current requirements of the job. Cable 
sizes for usual welding operations are 
given in Table 1. 

When welding lead cable extensions are 
necessary, substantial insulated connec¬ 
tors of the locking type should be used. 

The work lead (cable) is the most sat¬ 
isfactory means of providing the return 
circuit (ground) from the work to 
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welding machine. Some operating con¬ 
ditions may require using a steel struc¬ 
ture or pipe line for the return circuit. 
Under such circumstances, precautions 
must be taken against creating unsafe 
conditions. Pipes carrying gases, flam¬ 
mable liquids or electrical conductors, 
should never be used for ground returns. 


Table 1—Recommended Cable Sizes 

Welding Current. 

Cable Size. 

Amp. 

No. 

100 

4 

150 

3 

200 

2 

250 to 300 

Vo 

300 to 4 50 

Vo 

500 

8 /o 

600 

*/o 


Pipes or structures used for ground 
returns should have all joints checked to 
make sure there is no sparking or heating 
that could constitute a fire hazard. Joints 
should be bonded if such structures are to 
be permanently used, and periodic in¬ 
spections should be made to insure that 
no condition of electrolysis or fire hazard 
exists due to using these structures as 
conductors. 

FIRE PREVENTION 

General 

Fires at or near welding operations are 
nearly always due to carelessness and, 
being preventable, should be eliminated. 
Fires rarely occur where welding equip¬ 
ment is set up for production work be¬ 
cause reasonable safeguards are built into 
the setup. It has been found that the 
majority of fires occur from portable 
equipment but these fires can also be pre¬ 
vented by proper precautions. 

Certain definite rules for the prevention 
of fires when welding and cutting have 
been formulated as follows: 

Cutting or welding should not be done 
where an open flame or arc would be 
dangerous, as in or near rooms containing 
flammable vapors, flammable liquids, lint, 
flammable dust or exposed loose combus¬ 
tible material. 

Be sure that welding or cutting equip¬ 
ment is not used near dipping or spraying 
rooms or rooms containing loose readily 
combustible material unless there is no 
possibility of the vapors or the sparks 


or molten metal passing through broken 
or open windows, open doorways or 
cracks or holes in walls or floors. 

Do welding and cutting in a safe 
rather than a hazardous place if the work 
can be moved. 

Where welding or cutting must be done 
near combustible material, take special 
precautions to make certain that the 
sparks or hot slag, from cutting opera¬ 
tions particularly, do not come in contact 
with combustible material and thus start 
a fire. Move exposed combustible mate¬ 
rial a safe distance away, say 30 or 40 
ft. if the work to be welded or cut can¬ 
not be moved. Sweep floors clean and, 
if combustible, wet them down before 
starting work. Preferably, cover wooden 
floors with metal or other suitable non- 
combustible material where sparks or hot 
metal are likely to fall. Whenever there 
are floor openings or cracks in the floor¬ 
ing, make certain that there are no highly 
combustible materials on the floor below, 
where they would be exposed to hot metal 
or slag which might drop through the 
floor. Take particular attention to see 
that no hot slag or sparks fall into ma¬ 
chine tool pits and that no openings exist 
beneath the protective curtain through 
which hot slag might escape and roll 
along the floor. 

Observe the same precautions outlined 
in the above paragraph with regard to 
cracks or holes in walls, open doorways 
and open or broken windows. Use sheet 
metal guards, asbestos curtains or other 
fireproofing where needed. Make sure 
that the guards and curtains give com¬ 
plete protection. 

When it is necessary to do welding or 
cutting close to wooden construction, or 
in locations where combustible material 
cannot be removed or protected, fire¬ 
extinguishing equipment should be pro¬ 
vided suitable for the type of fire that 
may be encountered. 

Whenever combustible material has 
been exposed to molten metal or hot 
slag from cutting operations, keep a man 
at the source of the work for a half hour 
after completion, to make sure that smol¬ 
dering fires have not been started. 

Arc and Resistance Welding 

In addition to the general recommenda¬ 
tions given above, the usual care and in¬ 
spection of electrical circuits should be 
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provided for the primary circuits of arc 
or resistance welding machines. 

In the case of arc-welding machines 
practices which could lead to overheating 
or short circuiting of the welding leads 
with attendant fire hazard, such as use of 
undersize cable, allowing cut or worn 
cable or joints to go unrepaired, or care¬ 
lessly throwing down electrode holders 
when not in use, should be eliminated. 

Gas Welding and Cutting 

All gas-welding and cutting equipment 
should be kept in good order. Good hose 
should be used and renewed when neces¬ 
sary. If hose is worn near the couplings, 
a few inches should be cut off and the 
connections renewed making sure that 
they are tight. Good connections be¬ 
tween regulators and cylinder valves are 
important. Torches should never be hung 
from regulators or across the tops of 
cylinders. 

Thermit Welding 

In thermit welding the mold should be 
thoroughly dried before the charge is 
lighted. The crucible should always be 
provided with a cover. When the charge 
has been ignited the operator should 
stand a few steps away and should wear 
goggles. Painful burns may occur from 
the metal splashings, by upsetting the 
crucible, by the breaking of the mold, or 
by allowing the molten metal to come 
into contact with moisture in the mold, 
on the floor or on the ground. 

ACCIDENT PREVENTION 

General 

Members of the welding industry are 
leaders in the important campaign to re¬ 
duce accidents. Cooperation between the 
industry and organizations in the fields 
of fire prevention and accident prevention 
has resulted in apparatus with built-in 
safeguards in so far as it is practicable. 
The use of common sense and the pre¬ 
cautions recommended below will further 
the reduction of accidents. Because of 
their importance, certain points mentioned 
elsewhere are repeated. 

Never support welding or cutting work 
on compressed gas cylinders or other con¬ 
tainers. 

Never do welding or cutting in the 
presence of flammable gases or vapors. 


Do not weld or oxygen cut an oil barrel 
or container that has held flammable 
liquids, vapors or other flammable mate¬ 
rials, without first making sure that such 
materials have been completely removed. 

A room where welding or cutting is to 
be performed must be well ventilated; 
strong drafts directed at the welding 
work, however, should be avoided. 

Never attempt to preheat or weld jack¬ 
eted vessels, tanks or containers or cored 
or other hollow parts until after every 
possible precaution has been taken to 
sufficiently vent the confined air. A 
metal part which is suspiciously light is 
hollow inside, and an opening should be 
drilled before heating; otherwise it may 
act like a bomb. 

Never lay work that is to be heated or 
welded on a concrete floor because when 
sufficiently heated a portion of the con¬ 
crete may spall and fly with possibly in¬ 
jury to the operator. 

All mechanical power transmission ap¬ 
paratus such as gears, shaftings, cou¬ 
pling, clutches, etc., exposed to hazardous 
contact should be guarded. 

If it is necessary to work on scaffolds, 
platforms or runways, adequate provision 
should be made to prevent falling. This 
can be accomplished by the use of rail¬ 
ings, safety belts and life lines, or some 
other equally effective safeguard. 

If welding is performed in confined 
spaces, and a welder must enter through a 
manhole or other small opening, some 
means should be provided for quickly re¬ 
moving him in case of emergency. 
Safety belts and life lines used for this 
purpose should be so attached to the 
welder’s body that his body cannot jam 
in small exit openings. 

Before operations are started, heavy 
portable equipment mounted on wheels 
should be securely blocked to prevent 
accidental movement. 

Arc Welding 

In case internal-combustion, engine- 
powered electric generators are used in¬ 
side buildings or confined areas, extreme 
care must be exercised to conduct the 
engine exhaust to the outside atmosphere. 

Welding leads and primary power 
supply cables should be kept clear of 
ladders, passageways or doors. Keep 
cables used for power service to portable 
machines and welding leads out of p aces 
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where there is possibility of machines or 
trucks running over them. 

Repair or replace defective cable im¬ 
mediately. Use insulated cable connec¬ 
tors of the locking joint type, having a 
capacity no less than the capacity of the 
cable. Disconnect power before splicing 
any cable. 

Do not allow power supply cable used 
for portable welding machines to become 
tangled with the welding cables or to be 
near enough to the welding operation to 
sustain possible damage to the insulation 
from sparks or hot metal. 

Do not weld without all electrical con¬ 
nections, power supply, welding leads, 
holder and ground clamp being secure 
and the welding machine frame well 
grounded. .The work clamp must be 
securely attached to work before any 
welding is carried on. Where practical, 
sufficient permanent outlets should be in¬ 
stalled so that it will not be necessary to 
have extensive cables strewn about. 

Disconnect welding machines from 
power supply when they will be left un¬ 
attended. 

W elding cables should be kept dry and 
free from grease and oil. They should 
be arranged in such a manner that they 
do not lie in water or oil, in ditches or 
on bottoms of tanks. 

1 he practice of dipping hot electrode 
holders in water should be prohibited. 

Tower cable receptacles for portable 
welding machines should be arranged so 
that it is impossible to remove the plug 
without opening the power supply switch, 
or use plugs and receptacles which have 
been approved to break full load circuits 
of the welding machine. 

1 he open-circuit voltages, either a.c. 
or d.c., required for satisfactory welding 
are low by comparison with voltages 
used on lighting circuits or other port¬ 
able industrial tools and normally neither 
will cause injury or severe shock. The 
iact that they are low may and does lead 
to carelessness; consequently, welders 
should be carefully instructed on how to 
avoid shock. The danger is particularly 
present in hot weather, when the welder 
is sweaty, or when he is wet. He should 
develop the habit of always keeping his 
body insulated from both the work and 
the metal electrode and the holder, and 
should avoid standing on wet floors or 
coming into contact with a grounded sur¬ 


face. Particularly, he should never per¬ 
mit the bare metal part of an electrode, 
the electrode insulation or any metal part 
ot the electrode holder to touch either his 
bare skin or any wet covering on his 
body. Consistent use of well-insulated 
electrode holders and cables, dry protec¬ 
tive coverings on the hands and body and 
insulation from ground will be helpful 
in avoiding contact. 

Partially used electrodes should be re¬ 
moved from holders when not in use. 

I he welder should have a place to lay 
down his holder or hang it up when not 
m use in a manner that will avoid con¬ 
tact with persons or conducting objects. 

All welders should further be instructed 
in checking their equipment to make sure 
that electrode connections and insulation 

on holders and cables are in good condi¬ 
tion. 


in me interests ot saiety, the NEMA 
standards establish the maximum open- 
circuit voltage for industrial a.c. welding 
machines at 80 volts tor manual welding 
and 100 volts for machine welding. The 
ASA Code previously referred to specifies 
100 volts for single-operator, d.c. ma¬ 
chines, 80 volts for a.c. machines when 
used on manual welding and 100 volts 
tor a.c. machines used on machine welding 
as the maximum open circuit voltages. 

1 he above figures are rms. values and 
are not set as safe values but as maxi¬ 
mum values, which need not be exceeded 
m good welding practice with all types 
ui commercial electrodes. In fact, some 
types of electrodes are very satisfactorv 
lor operating at much lower open-circui’t 
voltages and some machines are so de¬ 
signed as to operate with any type of 
electrode at open-circuit voltages sub¬ 
stantially lower than these values. 

Automatic open-circuit voltage con¬ 
trols, which automatically reduce the 
open-circuit voltage to approximately 30 
volts may be provided for a.c. machines 
used in outdoor work where welders mav 
be working on wet steel where it is 
hard to keep dry, or for use in con- 
bned quarters where there may be greater 
probability of the welder getting across 

the open-circuit voltage due to restricted 
space. 


Resistance Welding 

Mash welding installations should be 
equipped with metal shields to protect 
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operators and other workers from flying 
molten metal. 

Gas Welding and Cutting 

Those in charge of acetylene generators, 
acetylene or oxygen piping systems, or 
oxygen or acetylene manifolds should be 
instructed carefully and judged compe¬ 
tent for this work before being placed 
in charge. Printed rules and instructions 
covering the operation, maintenance and 
handling of acetylene generators, com¬ 
pressed gas cylinders and manifolds are 
generally supplied, on request, by the 
manufacturers and must be strictly fol¬ 
lowed. Precautions against freezing in 
cold weather should be observed. 

Always refer to a gas by its correct 
name. Technically both oxygen and 
acetylene are gases but they must be 
handled differently; therefore when oxy¬ 
gen is wanted ask for it by its name, 
oxygen. Likewise ask for acetylene 
when this gas is needed. Oxygen and 
acetylene have been used as examples, 
but remember that every gas used should 
be referred to by its correct name. 
Liquid acetylene should never be used. 

Generation, distribution through hose 
or piping or utilization of acetylene at a 
pressure in excess of 15 psi. gage pres¬ 
sure is prohibited. This does not apply 
to acetylene in a suitable solvent in Inter¬ 
state Commerce Commission specification 
cylinders. 

Use only approved generators and ap¬ 
paratus. Many accidents have been 
caused by the use of home-made genera¬ 
tors and other substandard equipment. 
The total hourly output of an acetylene 
generator should not exceed the rate for 
which it is approved and marked. 

Mixtures of acetylene with air or oxy¬ 
gen may be explosive and must be care¬ 
fully avoided. No device or attachment 
facilitating or permitting the mixture of 
air or oxygen with acetylene prior to 
consumption, except at the burner or in 
a standard torch, should be used unless 
specifically approved for the purpose. 

An approved hydraulic back-pressure 
valve must be provided as a part of 
every generator installation. These valves 
require regular inspection at frequent in¬ 
tervals to see that they are properly 
filled with water. 

As oxygen under high pressure may 
react violently with oil or grease, even- 


possible precaution should be taken to 
prevent oxygen from coming into contact 
with oil or grease. Oxygen cylinders, 
valves, regulators, hose and other appa¬ 
ratus and fittings must be kept free from 
oil or grease, and should not be handled 
with oily hands, gloves or greasy equip¬ 
ment. 

Under no circumstances should acety¬ 
lene be brought in contact with unalloyed 
copper except in a torch tip or nozzle. 

Cylinders not provided with fixed 
handwheel valves should have keys or 
handles on valve spindles or stems while 
cylinders are in service. 

Oxygen or acetylene should never be 
used directly from a cylinder or cylinder 
manifold without reducing the pressure 
through a suitable pressure .regulator. 

Pressure-adjusting screws on regula¬ 
tors should always be fully released be¬ 
fore the regulator is attached to a cylin¬ 
der and the cylinder valve opened. The 
valves on cylinders should always be 
opened slowly. Stand to one side, never 
in front, of pressure-regulator gage faces 
when opening cylinder valves. 

Oxygen and acetylene cylinders and 
portable acetylene generators should be 
placed far enough away from the welding 
position that they will not be unduly 


heated by radiation from heated mate¬ 
rials, by sparks or slag or by misdirection 
of the torch flame. 

Transferring gas from one cylinder to 
another or mixing gases in a cylinder, 
should never be attempted by other than 
regular gas suppliers. Do not use a 
cylinder in a setup where it may be 
possible for foreign gases or substances 


to be drawn or blown into it. 


Compressed gas cylinders and other 
igh-pressure containers should always 
e handled carefully. Valve-protecting 
aps, when supplied, should always be 
ept in place and handtight except when 
ydinders are in use. Knocks, falls or 
Dugh handling may damage cylinders, 
alves or fuse plugs, and cause leakage or 

ccidents. . 

When cylinders must be handled py 
crane or derrick, they should be carrie 
i a cradle rather than in a sling, ana 
xtreme care should be exercised so a 
ley are not dropped. Under no circu - 
tances should cylinders be lifted 

lectromagnets. , 

If cylinders are used above the groun . 
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or floor level, as on cranes or roofs, they 
should be securely lashed to railings or 
other stable objects. 

Empty cylinders should be plainly 
marked Empty or MT and the valves 
should always be closed. 

All cylinders should be protected 
against excessive rise in temperature. 
Cylinders may be stored in the open, but 
in such case should be protected against 
extremes of weather. During winter, 
cylinders stored in the open should be 
protected against the accumulation of ice 
and snow; in summer, cylinders stored in 
the open should be screened against the 
continuous direct rays of the sun in 
localities where high temperatures pre¬ 
vail. 

Recessed tops of cylinders should not 
be used as resting places for tools or 
other articles, nor filled with water as 
this may damage the valves and safety 
devices and thus nullify the protection 
given by safety devices. 

Where acetylene is supplied through a 
piping system, torches should not be 
operated while the source of acetylene 
to piping system is shut off. 

Welders should always follow the in¬ 
structions issued by the manufacturer of 
the apparatus in use, regarding the se¬ 
quence of operations in lighting, adjust¬ 
ing and extinguishing torch flames, and 
connecting the apparatus to the sources 
of gas supply. This is especially im¬ 
portant in lighting torches, the procedure 
for which varies with the design and 
style of torch employed. 

If, when the valve on the acetylene 
cylinder is opened, there is found to be 
a leak of acetylene around the valve 
stem, close the valve and tighten the 
gland nut. If this does not stop the leak- 
discontinue the use of the cylinder and 
remove it to the out-of-doors. In case the 
acetylene should leak from the cylinder 
valve, and cannot be shut off with the 
valve stem, remove the cylinder to the 
open. 

If a leak of acetylene should develop 
at a cylinder fuse plug, remove the cylin¬ 
der to the out-of-doors well away from 
any source of ignition, open the cylinder 
valve slightly and allow the acetylene 
to escape slowly. A warning should be 
placed near this cylinder not to approach 
it with a lighted cigarette or other source 
of ignition. A regulator may be attached 


to a leaky valve to stop leakage tempo¬ 
rarily. Tag leaking cylinders plainly, 
promptly notify the supplier, and follow 
his instructions as to their return. 

Never tamper with nor attempt to re¬ 
pair oxygen cylinder valves. If trouble 
is experienced, promptly send the supplier 
a report on the character of the trouble, 
giving serial number stamped on the 
cylinder. Follow his instructions as to its 
prompt return. 

Oxygen should never be used to venti¬ 
late a confined space. Oxygen is not com¬ 
bustible but it accelerates combustion. In 
an oxygen-enriched atmosphere, clothing 
and other combustible material will ig¬ 
nite readily and burn fiercely. 

Under no circumstances should more 
than one charge of carbide, even a small 
part of an extra charge, be run into one 
charge of water in an acetylene generator. 

A jet of oxygen should never be per¬ 
mitted to enter a fuel oil or storage tank 
that has contained a flammable substance. 

A serious accident may easily result if 
oxygen is used as a substitute for com¬ 
pressed air. Never use oxygen in pneu¬ 
matic tools, in oil preheating burners, to 
start internal combustion engines, to blow 
out pipe lines, to dust clothing or work, 
to create pressure or for ventilation. 

EYE PROTECTION 

In welding or cutting applications it is 
very important that the eyes be protected 
from the heat and glare of the flame or 
arc, and from the particles of hot metal 
that may fly up from the work. Prop¬ 
erly designed and colored lenses fitted in 
suitable goggles will furnish adequate 
protection to the eyes of gas welders and 
cutters. In arc welding, it is necessary 
for welders to be equipped with shields 
or helmets that will protect not only the 
eyes but the skin because of the intensity 
of the ultra-violet and infra-red rays. 
The arc should not be struck without 

having such helmet or shield over the 
face. 

The choice of proper eye-protection 
equipment should be made by a responsi¬ 
ble person who fully understands what it 
should consist of, and he should be guided 
by the specifications as detailed in the 
American Standard, Safety Code for the 
Protection of the Head, Eyes and Re¬ 
spiratory Organs. 
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Lenses suitable for gas welding or cut¬ 
ting should not be depended upon for 
protection against the rays from arc weld¬ 
ing. It should be noted that special 
precautions must be taken to protect other 
workers or passersby from the harmful 
rays given off in arc-welding operations. 
It is preferable to locate such jobs in 
special areas. If this is impractical the 
operation should be screened or enclosed 
not only to prevent workers or passersby 
from looking directly at the arc, but also 
to protect them from reflected rays as 
much as possible. Further protection 
against reflected rays is frequently pro¬ 
vided by applying non-light-reflecting 
paint to the screen or enclosure and to 
other nearby surfaces. Zinc oxide com¬ 
bined with lampblack to produce a blue- 
gray color is satisfactory. 

Goggles suitable for gas welding are 
satisfactory for thermit welding. 

Welders should wear suitable goggles 
to protect the eyes when removing slag 
from welds and when chipping and grind¬ 
ing welds. 

For helpers and others who must work 
in the vicinity of heavy arc-welding op¬ 
erations suitably colored goggles are 
recommended if screen protection or the 
like is not provided. 

Goggle frames preferably should be of 
a material which is a poor conductor of 
heat, easy to sterilize, not readily flam¬ 
mable and should have suitably designed 
vents in the cups to provide ventilation 
back of the lenses without admitting 
glare from the work. 

Face shields are recommended for op¬ 
erators of resistance-welding machines for 
the purpose of protecting eyes and face 
from flying molten metal. 

HEALTH—VENTILATION- 
PROTECTIVE EQUIPMENT 

The actual health hazards from weld¬ 
ing and cutting operations are relatively 
few and these can be guarded against by 
following simple precautions or by using 
equipment readily available. 

Hazards to health may arise from the 
gases, fumes or dust which may be present 
during operations because of the mate¬ 
rials used and the materials being welded 
including fluxes and electrode coatings. 
Harm resulting from contamination of 
the air can be avoided by proper ventila¬ 


tion. Ventilating equipment is nearly al¬ 
ways needed where welding or cutting is 
done in small, closely confined spaces as 
in tanks. In the holds of ships very 
definite steps must be taken to insure 
proper conditions. Conditions vary so 
much and depend upon the shop and the 
job being undertaken to such an extent 
that it would be very difficult to establish 
a single standard for ventilation based on 
rate of air change. In general, it may be 
said that ventilation must at least insure 
good visibility and a comfortable working 
temperature. 

Acetylene is a simple anesthetic, not a 
poison. Concentrations in the order of 
40% or more are required to produce 
anesthesia. Acetylene made from calcium 
carbide produced on the North American 
continent contains such slight quantities 
of any hazardous impurities that they may 
be disregarded. Furthermore, as the 
lower explosive limit of acetylene in mix¬ 
ture with air is approximately 2Va to 
3%, it is obvious that where a flame is 
employed, an explosion would occur be¬ 
fore concentrations of anesthetic propor¬ 
tions could be developed. Acetylene in 
very high concentrations would suffocate 
a human being owing to exclusion of 
sufficient oxygen. 

Under ordinary conditions, when the 
welding of clean carbon steel is carried 
on in large or well-ventilated areas, ex¬ 
perience has shown that no health hazard 
exists. 

Under certain conditions of welding, 

health hazards due to gases, fumes or 

dusts may exist. These possible hazards 

^ • 

are not serious except when operating in 
spaces not properly ventilated and are al¬ 
most entirely due to the presence of gases, 
dusts and fumes containing lead, zinc, 
cadmium, fluorine or compounds thereof. 
When such hazards are present, sufficient 
ventilation or individual respiratory pro¬ 
tection must be provided. 

Lead is a hazard during the welding or 
cutting of material which may have been 
heavily coated with lead paint, or mate¬ 
rial containing lead. Lead occurring as 
an impurity in brass, bronze or zinc would 
seldom present a hazard. In nearly all 
cases where welders have contracted lead 
poisoning, it has been the result of cut¬ 
ting materials heavily coated with lead 
paint, as may be the case in scrapping o 
railroad cars, ships or structural iron 
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work, but as indicated, this can be con¬ 
trolled by using adequate protective meas¬ 
ures. Special steels containing lead may 
present a hazard, in proportion to the. 
amount of steel melted. The Bureau oft 
Mines has approved a special type of filter 
mask for protection from lead fumes 
under certain conditions, but air-line? 
masks are recommended as the most posi¬ 
tive protection under all conditions. 

The fumes of cadmium arc occasionalh 
encountered, as in the welding of cad¬ 
mium-coated material, and may cause 
serious congestion or edema of the lungs 
if inhaled in high concentration or for 
long periods. 

Metal fume fever, or generally more 
commonly called cine chills, may follow 
exposure to zinc fumes resulting from 
welding operations on galvanized material, 
brass or bronze, and at times from the use 
of bronze filler metal. It should be em¬ 
phasized that zinc chills, though annoy¬ 
ing, do not represent a serious health 
menace such as lead poisoning. Metal 
fume fever is an acute, self-limiting con¬ 
dition without known complications, after¬ 
effects or chronic form. An attack usu¬ 
ally comes on after a day’s work, seldom 
lasts as much as 24 hours, and does not 
usually recur on repeated exposure unless 
there has been an interval of at least 
several days between exposures. Opera¬ 
tions involving evolution of zinc fumes 
require ventilation for their removal. 
This often calls for local exhaust venti¬ 
lation. For occasional exposure, a proper 
type of filter respirator may give adequate 
protection. 

No known cases of beryllium poison¬ 
ing resulting from welding or cutting 
operations have been reported. However, 
because of the harmful effects reported 
by other industries it is advisable to take 
precautions when welding or cutting 
metals containing beryllium. Until more 
definite information is available the same 
protective measures are advised as for 
lead and cadmium. 

Manganese poisoning has been sug¬ 
gested as a possible health hazard. Man¬ 
ganese is present only in alloy with iron 
in steels on which welding and cutting 
work is performed. Under such condi¬ 
tions experience indicates that no danger¬ 
ous amount of manganese fumes is pro¬ 
duced. No cases have been reported from 


such a source but adequate ventilation 
should be provided. 

Fluxes containing fluorides, such as 
are often used in gas welding and brazing 
of aluminum or stainless steels, may pro¬ 
duce a fume which is very irritating to 
the respiratory tract. The action is that 
of a local irritant, but concentrated fumes 
may lead to severe congestion. Other 
elements may form irritating fumes. For 
operations in confined spaces, local ex¬ 
haust ventilation for the removal of the 
fumes is essential. 

The coatings on stainless steel electrodes 
contain compounds bearing fluorine, but 
under ordinary conditions of use, it is 
doubtful that harmful amounts of fumes 
are produced. 

From time to time there have been un¬ 
confirmed statements alleging injuries to 
welders from carbon monoxide. Natu¬ 
rally, minute quantities may be present in 
any flame, but so far as the welding in¬ 
dustry is concerned, it is quite unlikely 
that any harmful amount could accumulate 
if precautions in regard to working in 
confined spaces are followed. Small 
amounts may be given off when the flame 
first impinges on cold metal, but in gen¬ 
eral it may be said that in ordinary use of 
lie welding or cutting processes the opera¬ 
tor is exposed to even less carbon monox¬ 
ide than a traffic policeman on a busy 
corner or a housewife in a small kitchen. 

Oxides of nitrogen may be formed un¬ 
der some conditions by the action of heat 
on the nitrogen and oxygen in the air. 
The action is easily reversible, and the gas 
formed is very unstable. Under ordinary 
conditions, no oxides of nitrogen will be 
found in the air breathed by a welder. 

Other fumes may be encountered from 
time to time, not due to any materials 
connected with the welding process itself 
but due to the heating of various residues, 
sludges, etc., which might be present on 
the material. These usually are hazar¬ 
dous only in very confined spaces, as in 
tanks. In such locations, surfaces to be 
welded should be well cleaned and local 
exhaust or other ventilation provided to 
insure removal of the fumes. 

With the exception of the lead and 
cadmium hazard in work on lead and 
cadmium-coated material and the less 
serious hazards from zinc fumes, the only 
important health hazards in welding are 
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due to operations in small, closely con¬ 
fined spaces: these can be avoided by 
proper ventilation or individual respiratory 
protective equipment. Ventilation must 
be directed at the removal of the fumes 
and gases, and in confined spaces this 
means local exhaust or forced-air venti¬ 
lation, at least sufficient to insure good 
visibility for the work. Under such con¬ 
ditions there will be few, if any, health 
hazards. 

Oxygen must not be used for ventila¬ 
tion purposes as increased concentrations 
of oxygen in air cause combustible ma¬ 
terial such as clothing to burn more rap¬ 
idly. 

More detailed information on ventilation 
requirements will be found in the Ameri¬ 
can Standard, Safety in Electric and Gas 
Welding and Cutting Operations. (See 
Chapter 62 for further information on 
this subject.) 

Clothing 

Protective clothing required for any 
welding or cutting operation will vary 
with the size, nature and location of the 
work, but in all cases, it should be suffi¬ 
cient to protect the welders from burns 
from spatter and in the case of arc weld¬ 
ing or cutting from the radiant energy 
from the arc. The following general 
rule will be helpful. 

Woolen clothing is preferable to cotton 
because it is not readily ignited and be¬ 
cause it helps protect the welders from 
changes in temperature. 

Outer clothing such as jumpers and 
overalls should be free from oil or grease 


As sparks, hot slag or hot metal may 
lodge in rolled-up sleeves, in pockets or 
in the cuffs of overalls or trousers, it is 
highly desirable that sleeves and collars 
be kept buttoned and that pockets be elim¬ 
inated from the front of overalls and 
aprons. Low shoes with unprotected tops 
should not be used. Safety shoes are 
recommended. 

Capes or shoulder covers made of 
leather or other suitable material should 
be worn during overhead welding opera¬ 
tions. Skull caps of flame-resistant cloth 
or leather may be worn under helmets to 
prevent scalp burns. 

For overhead welding and welding in 
extremely confined spaces, ear protection 
is sometimes desirable. This may be ac¬ 
complished by placing wool or rubber 
plugs in the ears or by covering them 
with wire screen protectors. 

Flame-proof aprons, made of leather, 
asbestos, or other suitable material, may 
also be desirable as protection against 
radiated heat and sparks. 

Where there is exposure to sharp or 
heavy falling objects, hard hats or head 
protectors should be used. 

Except when engaged in very light 
work, all welders should wear flame¬ 
proof gauntlet gloves, preferably of 
leather. 

All clothing and gloves should be kept 
in good repair. Wet or worn gloves or 
clothing have lost their protective quali¬ 
ties. 

Leather clothing when used should con¬ 
form with the American Standard, Speci¬ 
fications for Protectwe Occupational 
Clothing, L18. 
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CHAPTER 47 


BUILDINGS* 


INTRODUCTION 

This chapter is intended to cover 
those structures which are subjected es¬ 
sentially to static loading such as would 
be encountered in building construction. 
For those portions of buildings, such as 
crane girders, or members carrying mov¬ 
ing machinery, or for structures such as 
bridges, where variations in loading in¬ 
tensity occur rather frequently (see 
Chapter 48, Bridges). 


CODES AND SPECIFICATIONS 

For the control of welding, in the 
fabrication and construction of steel 
frame buildings, the American Welding 
Society has adopted and issued the 
Standard Code for Arc and Gas Welding 
in Building Construction. This Code has 
been revised periodically so that the cur¬ 
rent edition, which was issued in 1946, 
represents present accepted good practice. 
The most outstanding revision in the 1946 
edition was the increase in unit stresses 
in butt welds so that they are now equal 
to the corresponding unit stresses in the 
base metal. It is intended that the Code 
deal primarily with welding requirements 
only. 

The American Institute of Steel Con¬ 
struction Specification for the Design, 
Fabrication and Erection of Structural 
Steel for Buildings by Arc and Gas 
Welding (current edition dated 1946) ac¬ 
cepts the provisions of the American 
Welding Society Code and provides for 
the design, fabrication and erection of 
the structure as a whole. 

These two documents, referred to 
throughout this chapter as the Code and 


* Prepared by a committee consisting of H. W. 
Lawson, Consultant, Chairman; LaMotte Grover, 
Air Reduction Sales Co.; T. R. Higgins, 
American Institute of Steel Construction; C. L. 
Kreidler, Lehigh Structural Steel Co.; H. M. 
Priest, U.S. Steel Corp.; R. E. Spaulding, 
Consultant. 


the Specification, respectively, provide, 
for the benefit of building officials, de¬ 
signers and constructors, a complete and 
authoritative coverage of the recognized 
best practices in the design and construc¬ 
tion of welded steel building frames. In 
addition to these two fundamental publi¬ 
cations many city, town, state and dis¬ 
trict codes have been promulgated for 
the control of building construction. En¬ 
gineers concerned with the construction 
of steel buildings should be familiar with 
the Code, the Specification and any local 
codes or other regulations applicable to 
the particular structure in the locality 
where such construction is contemplated. 

MATERIALS 

Both the Code and the Specification 
require that steel used for buildings must 
conform to A STM Steel For Bridges 
and Buildings (Serial Designation: A7). 
Ibis steel is of proved weldability 
and is practically the only grade of steel 
used for rolled shapes employed in build¬ 
ing construction, although details such as 
base plates, plate stiffeners, rigid frame 
knees, etc., may be fabricated from Struc¬ 
tural Quality Carbon-Steel Plates (ASTM 
Designation: A283). Specifications for 
other steels suitable for building construc¬ 
tion are indicated in Table 1. 


Table 1—Additional Steels Suitable for Build 

ing Construction 

Hot-rolled carbon-steel 

bars .ASTM A107 

Structural steel for 

ships .ASTM A131 

Low-alloy structural ASTM A242 (Weld- 

steel . ing Quality) 

Mild- to medium- 

strength carbon steel _ . .... ., 

castings for general ASTM A27 (Weld- 

applications . able Grades) 

Wrought iron, bars, 

refined iron . "aIo 

Wrought iron plates . . . .ASTM A4Z 

Shapes and bars, rolled A9n7 

wrought iron .AST]M A:207 A 

Federal specification - • "^Bridges?, Type II 

(Welding Quality) 
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Some of the other materials which 
have been used in riveted construction to 
some extent but which are comparatively 
difficult to weld with any degree of reli¬ 
ability are not covered by the provisions 
of the Code and Specification. Such 
materials include structural silicon steel, 
structural nickel steel or similar medium- 
and high-tensile steels. 1 he Code pro¬ 
vides means for obtaining acceptance for 
welding those materials which may not 
he considered as prequalified. Prequali¬ 
fication may not he assigned to old ma¬ 
terials such as wrought iron, whose 
analysis and structure are unknown. 

At the present time virtually all 
welding in building construction is per¬ 
formed manually by the shielded metal- 
arc welding proves-. Procedures for this 
process, or for gas welding, when per¬ 
formed in accordance with the Code and 
Specification have a prequalified status, 
while the use of automatic welding em¬ 
ploying submerged arc welding or other 
automatic equipment requires that the 
joint welding procedures he qualified he 
fore such welds may he deemed accept 
able. 

Some research ha- been undertaken on 

the effect of resistance welding through 

mill scale and rust, and further research 
• 

is now in progress which eventually 
will result in establishing values for 
resistance weld- jn structural thickne-se- 
of materials. 

1 he electrodes that are used for thi- 
class cit structure are almost exclusivch 
°f L60 series. For shop welding of 
deep groove welds P6030 may sometimes 
he used, although most shop work on 
positioned welds is performed with K602U 
electrodes, 'l ack welds and weld- which 
are not readily positioned are usualh 
made with L6010 electrodes. 

hor field welding, deep groove weld- 
are occasionally welded with F6020 elec 
trodcs. Generally, for quality work 
with good fit-up, K6010 electrodes are 
most suitable, while for poor fit-up, such 
as is quite common to simple beam and 
column structures, the use of 1*2601 1 dec 
trodes is preferred. 

Pach structure must be studied care 
lully when determining the type or types 
of electrode to be used in the field in 
order to reduce to a minimum the 
variety of electrodes employed. Gener¬ 
ally, changes in polarity and in current 
settings are not too easily accomplished 


and delay and error may be the result of 
too great a variety of types and sizes of 
electrodes. This is not as applicable to 
-hop work where the factors involved 
in the positioning of the work, and in 
the selection of electrode types and sizes, 
may be more efficiently balanced to pro¬ 
duce higher quality at lower cost. A 
more complete description of the elec¬ 
trode- available and their qualities and 
applications is presented in Chapter 38—- 
Filler Metal. 

W here special materials or special elec¬ 
trodes are required in connection with 
new or repair work, it is recommended 
that a specialist be consulted; either a 
Consulting kngineer, specializing in this 
type ot problem, or a manufacturer’s 
service department experienced on the 
special material- or the particular adapt- 
ati* »n. 


General 


DESIGN 


I he bu-\ practical designer, following 
-tandardi/ed specifications and rules for 
de-igning and detailing riveted structures, 
i- inclined to think of steel material as 
coming inun the mill in a stress-free 
condition ; proceeding through all the 
operations of shearing, punching, bend¬ 
ing. a--emb!ing. riveting, handling, ship¬ 
ping and erection without undergoing any 
permanent deformation or plastic flow of 
die material, and without being subjected 
to any -tre--es or strains beyond the 
ela-tic limit of the material. It is as¬ 
sumed that the material, once it is con¬ 
nected m place in a structure, is entirely 
life Iroin all stresses except those due 
'o load, and that the loads are concen- 
nated or distributed uniformly in an 
ideal pattern and are of the amounts 
assumed. Further, that if ever, at any 
point, an excess loading should produce 
a local stress exceeding the yield point 
tailure would instantly and inevitably 

result. J 


' " 4 on V.WIIU «U > 


• X 


me uia- 

t( |, als and methods <>f construction cm- 
ployed, the materials are invariably sub 
jected to plastic deformations during tbe 
various operations of fabrication and 
erection, as well as while they are be¬ 
coming adjusted to service loads in the 
structure. Also, some parts of tbe struc¬ 
ture are certain to possess high internal 
stresses, often of yield point intensity 
such as those resulting from shrinkage 
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after rolling, in the case of structural 
steel. Not only is this true of structural 
steel, it is well recognized that high in¬ 
ternal stresses and plastic flow are in¬ 
volved in concrete and timber structures 
as well, although steel is generally better 
adapted to such behavior. Riveted truss 
bridges, with calculated secondary 
stresses much greater than the primary 
design stresses, have given satisfactory 
service for years. Many of the joints of 
riveted tier buildings and the component 
parts of trusses and girders, exhibit evi¬ 
dence of plastic flow both before and 
after they have been in service. 

The internal stresses involved, whether 
temporary or residual, are usually bal¬ 
anced and of a self limiting nature, hence, 
there is nothing to cause resulting de¬ 
formations to progress to failure. Re¬ 
search and experience indicate that high 
peaks of internal stress become ironed 
out through local plastic flow upon appli¬ 
cations of external loading provided the 
material has a reasonable amount of 
toughness and ductility, and the details 
of design and construction operations do 
not produce excessive stress concentra¬ 
tions or make unreasonable demands 
upon the ability of the material to de¬ 
form plastically, and do not seriously con¬ 
strain plastic deformation. It should be 
apparent from this discussion and from 
the results of recent research, that a 
great many of the doubts connected with 
the residual stresses known to be created 
by welding operations are unfounded. 

When a weld is undergoing the severe 
shrinkage incidental to rapid cooling, in¬ 
ternal stresses are inevitable. Cracking 
may occur in welds where the metallurgy 
or the geometrical proportions in and 
around the joints are very unfavorable 
to plastic behavior. This has caused con¬ 
siderable concern to structural designers 
unfamiliar with the factors involved; 
causing doubt as to the adequacy of 
those structures where residual stresses 
may have been produced by welding. 
They have believed that, due to the heat¬ 
ing and cooling incident to welding, resid¬ 
ual stresses exist in various parts of the 
structure, or its connections, in amounts 
just short of those necessary to produce 
failure, and that failure will result in 
such areas upon the application of even 
a small part of the design load. How¬ 
ever, this is not true. If conditions are 
normal, so that the weld cools to room 


temperature without cracking, it is un¬ 
likely that the residual stresses devel¬ 
oped during the cooling will have any 
appreciable effect upon subsequent be¬ 
havior of the joint. A more extended 
discussion of residual stresses is pre¬ 
sented in Chapter 43, Thermal and Me¬ 
chanical Treatment of Welded Assem¬ 
blies, covering shrinkage, and the im¬ 
portance, control and relief of residual 
stresses. An understanding of these 
phenomena is desirable to adequately vis¬ 
ualize the behavior of a complicated 
welded frame. 


Design of Frames 

It is necessary also to make certain as¬ 
sumptions as to the behavior of the joints 
and to so design the joints that their 
actual behavior conforms to the design 
assumptions. Thus, if a frame is pro¬ 
portioned to support the loads as a rigid 
frame in which the distribution of stress 
is predicated upon the elastic behavior 
of the frame, the joints must function 
without sensible angular distortion, or if 
designed as a simple frame, the joints 
must not produce more restraint than 
can be carried safely by the welds which 
connect them. 

Tests of various beam-to-column con¬ 
nections have been conducted for the 
Welding Research Council at Lehigh 
University to determine the suitability of 
certain types of connections for rigid, 
semi-rigid and simple beam framing. Mo¬ 
ment-rotation curves may be plotted, as 
shown in Fig. 1. On this diagram a so- 
called Beam Line may be plotted. The 
beam line may be drawn for any design 
conditions of load distribution and l/d 
ratio of beam; the equation of the line 
being 



2 EI<t> 
l 


where 

M — End restraining moment 
M f = Fixed-end moment 
E = Modulus of elasticity 
/ Moment of inertia of section 
0 == Deflection angle in radians 
/ = Length of span 

(See any American text on the slope-de¬ 
flection method of beam analysis.) The 
intercepts on the M axis and the <p ax ,s » 
as shown on the diagram, may be reach y 
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computed for a particular beam span and 
load and the beam line drawn joining the 
intercepts. 

The addition of a second beam line, at 
2 times or 1.67 times the design require- 


assumption of simple beam framing, the 
connections should be such that as little 
resistance to rotation is offered as it is 
practicable to obtain. Conversely a rigid 
detail should permit no sensible rotation. 
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o = Slope at End of Beam = <t> t the Connection Rotation Between 

End of Beam and Rigid Support. 

Fig. 1.—Moment and Rotation Design Requirements for Boara-to-Column Connections 


ments, aids in the determination of the rel¬ 
ative suitability of those connections ex¬ 
hibiting excessive rotation or weld fail¬ 
ure beyond the limits of the beam line. 

If the design is predicated upon the 


Since this degree of rigidity is difficult to 
obtain, and slightly less restraint results 
in lower maximum beam moments there 
would appear to be some advantage in de¬ 
signing for partial restraint. (See Fig. 2.) 
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Types of Construction 

These three general types of framing 
are defined by the Specification as fol¬ 
lows (see Fig. 3) : 

/‘Type 1, hereinafter designated as 
rigid frame (continuous restrained 
frame), assumes that the end connec¬ 
tions of beams or girders and all other 
members in the frame have sufficient 
rigidity to hold virtually unchanged the 
original angles between such members 
and the members to which they con¬ 
nect. 


tions as to types of constructions, as 
called for in the design drawings.” 

The Specification provides for wind 
bracing in Type 2 construction (con¬ 
ventional, simple) to be designed under 
either of two assumptions: that the wind 
connections are adequate to resist the 
moments induced by the gravity loading 
and the wind loading at the increased 
unit stresses provided therefor, or that 
the wind connections, designed to resist 
the assumed wind moments, are so de¬ 
signed that larger moments induced by 
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Fig. 2.—Effects of Various Degrees of End-Restraint Upon Bending Moments of Beams 


“Type 2, hereinafter designated as 
conventional or simple framing (unre¬ 
strained, free-ended), assumes that the 
ends of beams and girders are con¬ 
nected for shear only, and are free to 
rotate under load. 

Type 3, hereinafter designated as 
semi-rigid framing (partially re¬ 
strained), assumes that the connections 
of beams and girders possess a depend¬ 
able and known moment capacity in¬ 
termediate between the complete rigid¬ 
ity of Type 1 and the complete flexi¬ 
bility of Type 2. 

“All welded connections shall be con¬ 
sistent in their design with the assump- 


the gravity loading under the actual con¬ 
ditions of restraint will be relieved by de¬ 
formation of the connection material 
without overstress in the welds. 

The Specification further states that 
Types 2 and 3 construction may neces¬ 
sitate some non-elastic but self-limiting 
deformation of a structural steel part, but 
under forces which do not overstress the 

welds. ( 

Since it is necessary for the details ot 

welded structures to produce the degree 
of restraint assumed in the design of^the 
structure, the designer must indicate defi¬ 
nitely in the specifications and on the 
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drawings, the design assumption with re¬ 
spect to type of construction as described 
above. He should also show on the 
drawings the principal moments and 
shears. 

While no definite values have been set 
up in the Specification for the relative 
rigidities applicable to the three types of 
construction, it may be assumed that 



nections which accomplish a similar re¬ 
sult by plastic flow in the connection ma¬ 
terial. 

By percentage of rigidity is meant the 
ratio of the moment developed by the 
connection, with no column rotation, to 
the moment developed by a fully rigid 
connection under the same conditions, 
multiplied by one hundred. 
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Fig. 3.—Basic Types of Design for Building Frames 


joints tor Type 1 (rigid) construction 

must provide not less than 90% rigidity, 

and for Type 3 (semi-rigid) construe- 
• 

tion approximately the degree of rigidity 

assumed in the design of the structure. 

hor Type 1 (simple) construction the 
• « 

joints must provide a degree of restraint 
low enough to avoid overstress in the 
connection welds, or other structural 
damage. This can be accomplished either 
by the use of flexible connections, or con- 


1 ests have been made on a number of 
types of details making possible the es¬ 
tablishment of percentages of rigidity for 
these types, No attempt has been made 
to officially establish such values, but, 
it is contemplated that the American In¬ 
stitute of Steel Construction will pub¬ 
lish established values of relative rigidi¬ 
ties from time to time. Such informa¬ 
tion is available today, only in the form 
of reports of research to the AISC and 
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to the Welding Research Council of the 
Engineering Foundation. The research 
covered by these reports has been con¬ 
ducted at Lehigh University by Inge 
Lyse, Bruce Johnston, Cyril Jensen, R. 
M. Mains and Associates, and is listed in 
the bibliography at the end of this chap¬ 
ter. 

Since welds are inherently quite rigid, 
the resulting continuity of welded assem¬ 
blies makes this joining method particu¬ 
larly applicable to rigid frames. There 
is also a decided advantage in compact¬ 
ness of joint with attendant savings in 
connection material, and a simplicity of 
joint which enhances the appearance of 
the finished structure where the steel 
work is left exposed. It is therefore in 
the rigid frame that welding has been 
employed most effectively in building 
construction. This is particularly true of 
frames one or two panels high such as 
are employed in industrial buildings. 
While theoretically there should be sub¬ 
stantial savings in multi-story structures, 
the frame analysis involves so great an 
amount of labor, even with the short cuts 
possible by methods employing moment 
distribution, that tier buildings are 
usually designed as Type 2 (simple) 
structures using some empirical method 
of wind stress determination. 

For simple beam connections, seats 
with or without stiffeners are usually 
combined with flexible top angles. 
Where such connections must also resist 
lateral forces a flat plate is used for the 
top connection, butt welded to the col¬ 
umn flange and fillet welded to the top 
flange of the beam. The plate is de¬ 
signed to resist a wind moment at the 
usual unit stress permitted for members 
subjected mainly to wind load stresses, 
under the assumption that should this 
stress be increased by the addition of 
gravity loads beyond the yield point of 
the plate, plastic flow in the connection 
plate will occur. The horizontal element 
of the beam seat must also be designed 
in a similar manner, giving consideration 
to the possibility of reversal of lateral 
forces. The actual design of this type of 
joint is discussed under Design of Joints. 

No extended discussion of Type 3 
(semi-rigid) construction is possible in 
the limited space available in this Hand¬ 
book. An examination of the diagram of 
Fig. 2 will readily show that for uni¬ 
form loading or concentrated loads 


disposed to approximate uniform loading, 
that the lowest maximum stress in the 
beam occurs when the joint produces 
75% restraint. Tests of welded top plate 
connections designed for full restraint 
indicate that a restraint of 85 to 95% 
may be expected, since local deformations 
of column flange and connection material 
are such that it is practically impossible 
to attain 100% rigidity. If then the 
joint is assumed to be say 87 1 / 2 % re¬ 
strained, a saving of about 15% in maxi¬ 
mum moment results. Any reduction in 
actual restraint down to 62 1 /a% (that is 
25% less than expected) would result in 
a decrease in beam end moment and 
an increase in center moment without 
any increase in the design moment. An 
increase in restraint caused by producing 
a stiffer connection than contemplated 
would result in an increase in stress in 
the beam which could not exceed 10%. 
Overstress of any considerable magnitude 
in the end connection would be relieved 
by plastic flow and equilibrium would re¬ 
sult, in the range contemplated by the 
design. 

When it becomes necessary to add 
wind bracing to a Type 2 structure, the 
transition to Type 3 would seem to repre¬ 
sent a decided saving, since the increase 
in connection material is negligible while 
the saving in beam weight is appreciable. 
However, any necessary increase in col¬ 
umn material must be taken into consid¬ 
eration, as well as the extra cost of de¬ 
sign. 

Design of Connections 

General .—Research to determine the 
behavior of welded details has yielded 
much information of general significance. 
Whether welded or otherwise connected, 
the avoidance of severe notch effects, 
abrupt discontinuities or changes in sec¬ 
tion, and other forms of severe geomet¬ 
rical constraint, is very significant in the 
design of dynamically loaded structures 
such as bridges, crane girders, crane run¬ 
ways, etc., especially if the structures are 
to be subjected to relatively low tempera¬ 
tures. While there is less need for con¬ 
cern in the case of structural members ot 
the proportions common to building 
frames under static loading, it is never¬ 
theless advisable to avoid notch-like de¬ 
tails and sudden changes in section in so 
far as practicable, particularly at points 
where material may be called upon o 
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yield plastically during construction, or 
while the structure is becoming adjusted 
to service under load. 

A notch, a sharp re-entrant corner, or 
any abrupt discontinuity that would in¬ 
terrupt the transmission of stress along 


smooth lines, will cause a high local con¬ 
centration of multi-directional stresses, 
even though the applied loading is uni¬ 
axial. From another viewpoint, reflect¬ 
ing what is perhaps the more significant 
feature of the behavior, the notch causes 
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Pig. 4.«—Notch Effects and Stress Concentrations 
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deformation to be concentrated within 
such a small volume of metal that the 
capacity of the metal to deform without 
fracture is reached prematurely at that 
point. 

The effects of notches and some of the 
other various forms of stress raisers are 
illustrated in Fig. 4. In sketch (a) a 
smooth round bar is shown as necking 
down under tension, and elongating in a 
ductile manner, before failure. In sketch 
( b ) the introduction of a notch is shown 
resulting in brittle failure of a similar 
specimen, with no appreciable elonga¬ 
tion. The manner in which multi-direc¬ 
tional stresses or deformations are set up 
in the root of the notch is depicted in 
sketch (c). 

In sketch ( d ) the presence of a 
smooth, round hole is shown as causing 
stress concentrations in the metal adja¬ 
cent to the hole of about three times the 
average stress in the net section. If the 
hole is rough, or the metal ruptured, with 
the presence of tiny tears, the highly 
localized stress concentrations may be 
much greater. Abrupt changes in section 
produce similar stress concentrations as 
indicated in sketch ( e ). 

Multi-directional stresses at notch- 
effects and discontinuities act in a man¬ 
ner somewhat similar to multi-directional 
stresses resulting from external load, de¬ 
picted in sketch (/), because they are un¬ 
like other secondary, internal stresses, in 
that the condition which produces them 
remains after plastic deformation has 
taken place, and they are not ironed out 
and relieved to the same extent as other 
internal stresses, such as residual welding 
stresses, arc relieved. The effect of these 
multi-directional stresses is to restrain 
ductile behavior and raise the yield point 
so that little plastic deformation can 
occur to redistribute stresses. 

Notch effects produced by incomplete 
penetration butt welds are illustrated in 
sketch (g), partial length cover plates in 
sketch (/*)> and similar effects produced 
by attachments such as lateral connection 
plates, masonry plates, etc., in sketch (;'). 

Contours which have sharp re-entrant 
corners, as shown in sketch (k ), are 
to be particularly avoided and where 
such effects occur in highly stressed re¬ 
gions of eccentrically loaded members 
failure may result at surprisingly low 
apparent stress as determined by conven¬ 
tional design methods. 


Although the effects just discussed are 
of vital importance to members subject 
to fatigue, it should be kept in mind that 
severe notch effects also influence the be¬ 
havior of steel under static loading, be¬ 
cause of their multi-directional effect, and 
particularly because of their interference 
with the stress readjustments resulting 
from plastic flow, which is so important 
a function in a ductile material. A simi¬ 
lar condition may be produced by multi¬ 
directional rigidity due to geometrical 
shape or arrangement of welds. Very 
thick material in itself constitutes a con¬ 
siderable degree of such constraint. 

The combination of notch effects and 
restraints, accompanied by lower tem¬ 
peratures in the range where tensile 
strength and ductility are reduced, is not 
likely to occur in building construction 
since seldom are such structures called 
upon to resist such severe loading condi¬ 
tions under reduced temperatures. 

In the design of welds and welded de¬ 
tails only the amount of welding needed 
to meet design requirements should be 
used. Excessive welding may introduce 
excessive distortion and greater con¬ 
straint and may greatly increase the cost 
of fabrication out of all proportion to the 
respective volumes of added weld metal. 

Design of Welds .—The formulas 
stated in this Chapter have been devel¬ 
oped by conventional methods of calcula¬ 
tion as presented in elementary texts on 
strength of materials and have been pre¬ 
sented previously in textbooks or articles 
on the design of welded structures by 
various authors. In the diagrams and 
formulas the following notations are 

used: 

V — Vertical reaction or resultant 
force in lb. 

R — Total vertical reaction at the 

end of a beam in lb. 

H = Horizontal reaction or result¬ 
ant force in lb. 

P = Total allowable load to be car¬ 
ried by a connection or group 
of welds acting together in lb. 

e — Eccentricity, in inches, oi a 
load or reaction about the 
center of gravity of the weld 

group. 

a = ( K. B, A, k ), a linear dimen¬ 

sion in inches (also, m some 

cases, a ratio). . 

D = Size of weld in inches (leg size 
in case of fillet welds). 
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is used also as the depth of a 
member, in inches). 

S' = Unit stress in psi. 

T or 

t = Thickness in inches. 

W — One of the dimensions, in 
inches, of a weld group or of 
a piece of connection mate¬ 
rial. 

L = Effective length of weld nr 
weld group, in inches. 

f, = Unit shearing stress in psi. 
upon the throat area of a butt 
weld, hut upon the leg area. 
L X D, in the case of a fillet 
weld. 

/m — Unit stress in psi. due to tor¬ 
sion or moment, on the throat 
of a butt weld, but upon the 
leg area in the case of a fillet 
weld. 

f = Combined unit stress in psi. due 
to shear and due to torsion or 
moment, upon the throat of 
a hint weld but upon the leg 
area in the case of a fillet 
weld. 

I p Polar moment of inertia, in 
inch units, of a line or group 
of lines of narrow width, 
about the center of gravity of 
the group. 

In a butt leeld the allowable total stress 
is equal to the product of the throat 
thickness, the length of weld and the al 
lowable unit stress. No computation F 
necessary for full penetration butt welds, 
mice they are accorded full base metal 
values. 

In a fillet 'ivcUl the allowable total 
'tress is equal to the product of the weld 
'i/e (D), expressed in units of one-six¬ 
teenth of an inch, as I)/Vi«; the allow¬ 
able stress per linear inch per one-six¬ 
teenth inch si/e (600 lb.), and the net 
length of weld in indie' ( /.) : 


P = ( /M X (>00 X 1, 

v Ifi / 



stress of 13,600 psi. on the section of the 
weld throat specified in the Code and 


Specification (0.707 X Via X 13,600 = 
601 b. per lin. in. per Via in. weld size). 
Fillet welds are considered to be stressed 
in shear on the throat section for any 
direction of application of load. While 
the above formula is convenient for 
memorizing, the more usual form it is 
given is P — 9600 DL, or P — 9.6 DL, 
when P is expressed in kips. A table of 
allowable loads on fillet welds of vari¬ 
ous sizes and lengths is shown in Fig. 5. 

The length of fillet weld in a slot or 
hole is the average length of the throat 
of the fillet weld. For a round hole this 
length is 
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a fillet 

weld is the effee 


tive length as described in the Code and 
Specification. No allowance need be 
made by the designer for the difference 
between this net effective length and the 
actual gross length. The welding oper¬ 
ator is required by the Code and Speci¬ 
fication to start and stop the welds out- 
>ide of the desired limits a sufficient dis¬ 
tance to produce the required length of 
full section weld. Where, due to the 
geometry of the joint, this cannot be 
done, he will produce a full section weld 
for the indicated length by running the 
weld onto an adjoining surface, turning 
the corner, filling the crater, or by some 
similar device which will assure a full 
section weld and avoid craters or reduced 
weld sections at points of high stress con¬ 
centration. 

Since the allowable unit stress for 
fillet welds, as provided in the Code and 
Specification, was determined from tests 
•»f joints employing fillet welds rather 
than tests of weld metal alone, no in¬ 
crease in stress need be considered neces¬ 
sary to provide for the slight eccentrici¬ 
ties introduced by the geometry of the 
fillet weld. However, it is considered 
good practice in welded design to take 
into account any other appreciable eccen¬ 
tricities whether or not similar eccen¬ 
tricities would be ignored in a conven 
tional riveted design. 
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Fig. 5.—Allowable Loads on Fillet Welds 


For some of the more common cases of 
eccentricity, the formulas are stated on 
the design charts in Tables 2 to 9, to¬ 
gether with indications of the design as¬ 
sumptions as to stress distribution. A 
more complete set of charts will be found 
in the Manual of Design for Arc Welded 


Steel Structures, (see Bibliography), from 
which much of the design data in this 

chapter has been taken. 

While some of the formulas may not 
be readily recognizable to structural engi¬ 
neers, this is because of the introduction 
of the use of proportions in place of finite 
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Table 2—Allowable Loads on Framed Connections 


R = 


19.2 L D 


I V3.se 



Varies Keep 3moll as possibly 

' -£—= 


Erection bolts 
placed a9 lou> os 
possible to assure 
/legibility m 

Connection L? 


* 




AUo«joable 
9-6 K per 




X 


\b 

— I 

~~ ~ t 


\» 

14- 

d 

-J 

_L 



15 

1 

1 

T 

—i 


4 

1 

1C 

*• • • - < 

1 

..J 

□ 


▼ 

- * 

r 

_I 

17 

] 

—I 

_J 

y 7 

_ - — a 

1 

18 

1 


7 

3 

(9 

T— ^ 

-j; 

._ j 

, A 


_j 

2 o 

1 

- • J 

1 

-- ^ 

-T 

—J 

□ 

2 \ 

I 

1 

I 


J 

r 

1 

27 

- • J 

►-4 

" ^ 

I _ 


□ 

_2L 

1 

—J 

" 1 

" —' J 

_ 

■ ■ — • i 

d 

?4 

* i 

. j 

» 


1 ■ ■■ a 

X] 

— - J 

1 j 

— . i 

MJ 

□ 

2C 

- - 4 

M • J 

T 

T 

1 

_ J 

n 

27 

2L 

1 

1 

— * * f 

! 1 

1 — 1 

H 

t 

— 1 

?9 

3o 


* < 

1 —' 
1 

> ~ - 1 

-! 

j 

4 



| 

t —i j 

1 _j 

1 

J 1 



r ■ 

1_, 

J 

32 


I 

L 


- 1 

33 


1- 


r 


34- 




f ■ 

mm— 1 

35 

■ » — 





□ 






n 
_ 1 





Use 2- 3? * 2 2 * 4 L? voitb> 4- fillets unless 
5pec if icafion requires thicker angles, 
m ujh icb case use '. 

2-3*3 2 a L? oJifh fc fillets or 
2-7*4 » ^ L5 u/db g f illets 

Shop ojeld D, is made i'g Jess thon field 
coeld D for all angles )fl"and less. Over 
|8 moke shop cuefa same as field uoeld or 
determine value of Smoller^oeld on 

Chor t 5.2.3-17. 

Example _ ifl Beam 26 K Reaction 

Assume 3 h * 2 k*X L? — 4 . fillets 

Chort indicates L “ S 


So 



1 _ r — r - r - T - X “fJ X 
3—I— f I. . * 1 ■iLlif LA 

5b U>_ n> f*> 4> , y \ 


T-1-T 

i. 10 !® 1 l, f 



T 



L*' I ^ 

36o MT 


Allowable Load m Kips - R 


Weld sizes given at bottom of diagram are for field welds (size = D). For shop weld size, D', 
see note on diagram or use diagram in Table 3 to determine size required for strength. Also 
check all weld sizes together with thickness of beam web and thickness of material in supporting 
member, for compliance with requirements for minimum weld sizes given in Code and Specification. 

framing angles for deep beams should he placed near enough to the top llange to prevent end 
twisting of beam. 

(monger legs of angles are ;«lwa>> placed outstanding and are cnntiei ted t• > the suppoiting member 
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APPLICATIONS 


Table 3—Allowable Eccentric Loads on Groups of Fillet Welds 


Upper Chart — p - 9 

at- 2 +n + 2 kQ+>0h i 2 

L I A.OW J 


, ^I I P 9.<°t\ + 2K) . fl .. 6La(n-2}0-k 2 3 

Jpper Chart— v =^=^_. where 

l+?kJ When Q ^ 

Lower Chart Solves for Various Weld Sizes. 

Based on 9.fc Kips Shear per Sq^.mch on lea of f tllet Weld 


5a5*WifiBS99iHBfiSSS5 


12 13 


15 16 17 


Weld Sixe*D 


HHiaataaiS 


■•oil 


MimiiiiwiPii^^issssss 


,W kV 


HIHIKN^SSSfiSaBSSfiSli 

■tVNKSKfiiiSSSBIiSlii 




lllli! 


IHIIIfliiSBBSSBBB 

Bi^K»ilS9BKS|BKa2| 
^BSiESflSBBSSBMBBB 




jasssssssasas^g 


MililllllllllRKBnaBKiiiaKaagaiHHiBHg 
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Table 4—Web Crippling of Beams on Seats 


A A.S C.Spec. 


f? •Reaction or tood f rom A.i .S.C.Spec. j—. 

Q. *■ Length of bearing 

on seat to produce R JL* 

24.ooo^cn pplinq stress Q “ 74 ~t ” ^ 3£= 

in beam Web, ' 

€f - 3: 4.4 ‘ f or flexible s*»ats Distance from bottom of Beam 


- Flexible 
Seut 


.Stiffen ed 
Seat 


Q - — -W 
?4 t 



Sec 5.7.3-9 

C3 - w- — for stiffened Se<jts 
2 Sees.7.3-10 

w - A 


FiBBEEHEECHE 

m By iS B3 Gu ^SEmSmi 


to edge of fillet.k or o in Bethlehem 
kote f* s may not be lct>o than 'J' 


Monual, 


w * 5 


w -6 




w-<5 



HiUlllEHEIIEIIEIIEIIEIIEllEIIEICI 


I n lecent edition of AI SC Specification X i> used instead of a to designate the length of bearing, 
in inches, and 1< is used to designate the end reaction, in pounds, rather than in kips. 
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APPLICATIONS 



Table 5—Allowable Loads on Unstiffened Seats 



- "4> 

2-SjrE rechon bolts 
may be used. 

i|“n.neg!ecied in 

design of weld. 


A.|.S.C.5pec. 1936. 

a. R 

24* 

e * #•-». 4- 


not lessfban bm.-flg.4* I 


Chorf for thickness 
of Seat anqle -T 


•? if bending sfres* atX 

r T -i 4 ' 5 notfo exceedZok 

' i" - ** pen sa. inch then 

^ , Le ver pr iri ‘ 

- s R . 3.3 3WT 1 

oiu^P e rT-r — 

oanftonn 

'-StL 


T?e 


3 r?e 


< 

ron 



al«. 

ies are fur uo»r of Weltis 

L_ 

If 

• • 

. •• 
combine d sViearaty 

KT 

is 

not fo exceed 9.&K 

per 

**- 

mcb on lea of fillet 

weld 

th 

en 



r-> IS.2 AD 



Cxarnple:-Assumel2g28oT>|4ff. spoo, From 

Handbooks R 3 l5k 1*4 k - \\ 

From Chart 5.2-3-13 6 !f 3 |.34- 

From chart's if W a 8 , G-I.34 R* I5K* 
tben*T- 4 and for A m 5 "D * 4 ’ 

Use 5*3*4 L- 4 fillef welds. 



chart for Weld 
length * A. 


See AISC Manual for t and k. Determine cf from diagrams in Table 4. pnter^top diag 
of this table with ef, R and IV and find T. Enter bottom diagram on this table with ej an 
and choose suitable mutually related values for A and D. , 71 / 2 -in. 

Horizontal leg of seat angle must be greater than a and also it must be greater than tne r„uld 
weld length for attachment of bottom flange of beam. The length of horizontal leg ot ang 
be increased if desired, but length of vertical leg must be 5 in. for a V4-in. weld size 
example shown above. 
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Table 6—-Allowable Loads on Stiffened Seats for Horizontal Weld Lengths of 0.2L on Each Side 

of Stem 


Ceo+re of rotation 
at C.ofg of Welds- 


e, R 



X 

l-2L 


23.04-Pi! 

/ 1 1 4-ice I 


Q - 


a 

2 

R 

241 




JD 


_£ _ 

Weld Size 


DC 

* 1 

in ? 


_ 

— \ 

- 1 

— ~i 

. - — 

■ ■ 

— 



400 J 
- H 

-XC -f 

- - -< 



E - ■ - ■ H 

f— - — 

-( 




r; 

Uo oh 


4*- 

■ — - ♦ 

■ ■ 4 

f 

>— - ■ a - 

M4G-T 

i i Aa . 






P 


r 

---j 

1—— \ 

tit. 

60- | 

■ -H 

f- ■- -i 

f -f 


Top L - 4*4*4 * <o (ong, 

2 -jj."*<£ Held Welds. See5.73-9 

Connection may be mode 
from Split beam or two 
plates. ThicknessT should 
be not less Ikon the fVtielcr*^ 
of beam web. . 

If Seat is made 

from split beam. Welds 
at* x are r>ot required. 

Neutral axis assumed at 
C.ofg.of welds and allowable 
load on leg of fillet Weld 

Exomple -<5 ven e i 4 R-45.8K 

ReadrLengtbs a Welds 
Result - L - to" 

v Horizontal Welds 2 


— 

—r 

1434 . 


. 7° 


-♦ —4 


. *tG 


♦ ■ - 4 ■- t"-1 

1 _U 



See A ISC Manual for t and k. Determine e« and a from diagram in Table 4, and also find 
If as dimensioned there for a stiffened seat. 

Enter diagram in this table with R, l) and e * and find length L for vertical welds. 

I-or flexible connections, use top angle 4x4x6 in. long and two */*- x 6-in. field welds a*, 
•'hown in Fig. 9. 

hen seat is used for a restrained connection and W is not great enough to accommodate weld¬ 
ing of bottom flange of beam to the seat, the horizontal element of the seat may he increased to 
'^Trnann the stem, and its thickness may have to he increased also. 
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Table 7—Allowable Loads on Stiffened Seats for Horizontal Weld Lengths of 0.3L on Each Side 

of Stem 


Centre of rotation 
at C- of a. of Welds^ 

f i 7 

T .3l|[.9L ^ 


e s ,r 


x 

.3L 


25pL* 

l 7 +i2.6 el 


w 


e 5°W' f 


cu 


D ix 


R 

24l 


-P 


Weld She - D 


I 

„TopL- 4*4-4 * G lg. 
Field Welds.See5.2.3-S. 
Connection moy be made 
from Split beam or two 
plotes. Thickness T should 
be not less than the thickness 
of beom web. 

If Seat is mode 
from split beoro. welds 
ot X ore not required. 

Neutral axis assumed at 
C. of g. of welds and allowable 
load 9.6lc/inf on leg of fillet weld. 


Example: 


-Given 0*4 R- 54 K 

Reach-Lengths | Welds. 

Result- L m 10" 
Horizon Ini Welds *3 


4—4 6c 40 


OC 

1 


c 

• 

“O 

o 

o 


< 




• f 


]^o ho 


■ming 

——■—^ ESI ^ ^ ^ 


brbbbb 

HKOBBUKBBBBB 

pHHIIIIfis»NV!a3ia£MS 

■■■■■■■■■■ ■■bssmbibibI 

I—UBgBBB^M 









Weld Size -D 



Length of Vertical Welds 


See AISC Manual for t and k. Determine c a and a from diagram in Table 4, and also 
as dimensioned there for a stiffened seat. . 

Enter diagram on this page with R, D, and c and find length L for vertical welds. u. 

For flexible connections, use top angle 4 x 4 x x /\ x 6-in. long and two /4 x o-in. n 
as shown in Fig. 9. . , . wp ,ij; n a 

When seat is used for a restrained connection and W is not great enough to accommoda r . 

of bottom flange of beam to the seat, the horizontal element of the seat may be increase 
hang the stem, and its thickness mav have to he increased also. 







Allowable Load m Kips - 
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Table 8—Allowable Loads on Stiffened Seats for Horizontal Weld Lengths of 0.4L on Each Side 

of Stem 


Cenlrt cf rotation 
a+ C cf <3 of Welds. 


4LII.4L 


es R 


Weld Size - D 

& I % IW: 



x 

4L 


■R- 


?f>. 9 PL 1 

v \} 4- 10.45 el 


e t -w- f 


a- 


241 




l 4 ^ > < a n I # a 


cc 


..Top L- 4*4*4. » & |g. 

2-4.* 6 Field Welds 5ee52.3-9. 
Connection mocj be mode 
from spl«f beam or two 
plate s. Thickness T should 
be not less fhon ^betbickness 

of beam We b • 

If Seat 1 s made 
from Sp)»t beano, Welds 
at X ore nof required. 

Neufroloxi? assumed ot 
C of g, of welds and allowable 
load S-6iy / in l on leg of fillet Weld. 

Example - Given £-4 R-61.1K 
f^ead-Lengths g* Welds. 

Result- L* 10* 

Horizontal Welds 




WW' 


\m* * ei 




rrm$9 ein 


• t 


iV iv ra k« m 1 

■WVflBMMK 

0 


BtiMSIl 




Weld Size -D 


Length of Vertical Welds « L 


See AI SC Manual for t ami Determine <' a and a from diagram in Table 4, and also find IV 
dimensioned there for a stiffened scat. 

Enter diagram in this table with R, D and e 6 and find length L for vertical welds. 

tor flexible connections, use top angle 4 x 4 x V* x 6 in. long and two V* x 6-in. field welds 
as shown in Fig. 9. 

W hen seat is used for a restrained connection and IV is not great enough to accommodate welding 
ol bottom flange of beam to the seat, the horizontal element of the seat may be increased to over¬ 
hang the stem, and its thickness may have to be increased also. 
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Table 9—Allowable Loads on Stiffened Seats for Horizontal Weld Lengths of 0.5Z. on Each Side 

of Stem. 


Centre of rotation 

at C.of 3 . of Wekisi. j 



6»iR 


X 

• 5L 


-R - 28.8 PL 
V L5 + 9 es 


S 

a- 


Weld Sia 


D 


• .Top L- 4 * 4 * 4 .* G lq. 
2 - 4 .* G Field We Ids. See 5.2.3-9 
Connection rnacj be made 
from Split- beam or fwo 


Neutral axis assumed at 
C.ofg.of welds and allowable 
load 9.G)j/in x on legoffillet Weld. 

fe = 4-" 

Example :- (3*iven\R= G9.I k 

Required-Lenatbs | Welds 
Result - L»IO" 
Horizontal Welds =»5 


PC 

I 


* 

c 

• 

•p 

o 

o 


_a> 

_o 

f 

o 

< 












^mmmmuuu 













I 





BSSSSSSBi 
































Weld Size-D 


Length of Verficol Welds 


See AI SC Manual for t and k. Determine Ca and a from diagram in Table 4, and also fini 
as dimensioned there for a stiffened seat. 

Enter diagram on this page with R, D and ca and find length L for vertical welds. .j 

For flexible connections, use top angle 4 x 4 x 1 /* x 6-in. long and two V* x 6-in. neia '' 

as shown in Fig. 9. , ij; n? 

When seat is used for a restrained connection and IV is not great enough to accommodate v> 

»f bottom flange of beam to the seat, the horizontal element ot the seat may be increased 

hang the stem, and its thickness may have to be increased also. 
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dimensions; which though it results in 
rather involved formulas, does however 
lend itself to the development of groups 
of curves which may be employed for the 
rapid check of values of assumed weld 
groupings. The results may be checked 
analytically as follows; first determining 
the unit stress due to shear by dividing 
the total load by the total inches of weld; 
then determining the unit shearing stress 
in the welds due to moment, by comput¬ 
ing the moment and dividing by the polar 
moment of inertia of the weld group over 
the distance from the neutral axis to the 
extreme weld; and finally combining 
these values vectorially to obtain the 
maximum combined unit stress. 

Design of Connections (Simple Beams) 

While the use of the charts for the 
solution of the stresses in various weld 
combinations should present no problem, 
a short description of the method of ap¬ 
plication of the charts to the design of 
some of the more common connections is 
probably desirable. 

For simple framing the diagram in 
Table 2 generally is adequate to cover the 
simple cases. Should the field weld be 
such that the designer deems an inde¬ 
pendent design necessary it will be noted 
that the field weld on each angle is a 
special case of the weld in Table 3 where 
a = k. 

For an unstiffened seat it is first neces¬ 
sary to determine the web thickness 1 
and dimension k from the AI SC Manual 
or from a steel shape book, then employ¬ 
ing Table 4 to determine ef for use in 
Table 5 for the solution of angle size, 
thickness, length and weld size. Simi¬ 
larly the factor c, may be determined for 
stiffened seats, together with the neces¬ 
sary projection W. Tables 6 to 9 may 
then be used for various proportions of 
horizontal to vertical welds in determin¬ 
ing the design of the connection. 

1 he top connection used with either of 
the above seats is fairly well standard¬ 
ized. Where a rather flexible connection 
is required the 4 X 4 X Vi-in. angle, 6 
in. long, indicated in Fig. 9 (sketch A) 
is used. It is shipped loose and field 
welded with continuous Vi-in. fillet welds 
on the two toes. For beams with flanges 
4 in. or less in width, 4-in. long angles 
are used. 

I he framing angle, unstifTened and 
stiffened seats described above have been 


standardized* and a system of piece- 
marks developed and combined with 
beam safe load tables in a manner which 
greatly simplifies the selection of con¬ 
nections for simple beams. While the 
inclusion of such tables in this Handbook 
would be very desirable, space limitations 
make it impractical. Figures 6, 7 and 8 
indicate the basic system, the method of 
detailing for the shop and a typical page 
from the safe load tables. (Full tables 
are available in the Manual of Design for 
Arc-Welded Steel Structures.) 

Another form of top connection, con¬ 
sidered suitable for use with the above 
seats, employs a plate connected to the 
column by a full section butt weld de¬ 
signed to develop 25% of the resisting 
moment of the beam for which condition 
the unit stress in weld and plate is 
limited to 20 ksi4 at the column, but the 
section is then reduced as indicated in 
Fig. 9 (sketch F) so that at the reduced 
area the corresponding unit stress would 
be 32 ksi. It is desirable to leave an 
unwelded length of reduced section plate 
as indicated to provide adequate material 
for plastic behavior. Care should be 
taken in the transition area to reduce the 
possibility of notch effect, especially when 
the joint may be subjected to plastic flow 
at low temperature. 

Design of Connections (Rigid, Semi- 

Rigid, Wind Bracing) 

Variations of the top plate connection 
are applicable to rigid, semi-rigid and 
wind-bracing connections. Generally the 
plate is of constant width, as indicated in 
Fig. 9 (sketch E) though a variation is 
used when the plate is fillet-welded to the 
column as shown in Fig. 9 (sketch J). 

When designed for rigid framing the 
plate and the welds are proportioned to 
carry the calculated moment within the 
stress limits of the Specification and it 
is assumed that deformation of weld or 
plate is within the elastic range. The 
connection between the bottom flange of 
the beam and the beam seat must be de¬ 
signed to transmit its component share 
of the moment couple to the column and 
if the moment at the joint may be re¬ 
versed under another combination of 
loading, the seat must be connected to the 


* Adopted as Standard by the Canadian 
Standards Association, 1948. 

+ kips (1000 lb.) j>cr sq. in. 
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TYPICAL EXAMPLES 


• STANDAPP 
GAOS UNC 





t See note below 


243 


200 Designates Fillets 
40 Designates 6 x 4 x % " L 
3 Designates 9" Length. 


Detailed thus: 




* See note below regard 
ing sizes of welds. 




pJL 


a a l 



3A7 


3 Designates A Fillets 
A Designates 4" Seat 
7 Designates Half 14 WF43 
Detailed thus: 


3A7 


* See note below regard 
ing sizes of welds. 


/9T 7T>/> PAHV 

F=3 


t-ttcr/ossAotrs 

/*T£Q<//£S0 


R Designates 2 JH 3^ x 2V 2 x ^ 
8 Designates 8" Length 
R Designates Weld Sizes Also. 

Detailed thus: y/ ^ * 


ri ^ 
I I i 


h * See note below regard 




ing sizes of welds. 


* When the thickness of material of the supporting members, to which beam-seats or framing 
angles are to be welded, exceeds the maximum permissible thickness for use with the weld sizes 
indicated by the piecemarks for the standardized connections, the size of weld must be in ^ reas ^T' 
The framing angles listed in the beam safe-load tables, and the shop welds for them, have been 1 
creased where necessar}', to provide weld sizes that comply with minimum size requirements. 

t When the flange of a column is narrower than a seat angle that is to be welded to it, u- 
same vertical welds to join back of seat angle to toes of column flange. 

Fig. 6.—Details of Standardized Welded Connections 
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MEANING OF PIECE MARKS 




r 

ANGLE SEATS 



Mark 

Weld 

Mark 

Angle Size 

Mark 

Length 

100 . 

. . 

10 . . 

. . 3Vs x 3*4 x 

% 

1 . . . 

. . 4*/£ 

200 . 

. . *4 

20 . . 

. . 4 x3% x 

Vz 

2 . . . 

. . 6*/2 

300 . 


30 . . 

. . 5 x3Vz x 

% 

3 . . . 

. . 9 

400 . 

. . % 

40 . . 

. . 6 x 4 x 

% 

4 . . . 

. . 11 

500 . 

. . 1 7 C 

50 . . 

. . 6 x 4 x 

% 

5 . . . 

. . 13 

600 . 

. . % 

60 . . 

. . 7 x 4 x 

3 A 

6 . . . 

. . 15 

700 . 

. . % 

70 . . 

. . 7 x 4 x 

7 /» 

7 . . . 

. . 17 

800 . 

. . 3 4 

80 . . 

. . 8 x 4 x 1 


8 . . . 

. . 20 

900 . 

. . 7/ 8 

90 . . 

. .18 x 6 x 1% 

9 . . . 

. . 24 

9a00 . 

. . 1 






9b00 . 

. . 1*4 









T TEE SEATS 



Mark 

Weld 

Mark 

Seat 

Mark 

Material 

1 . . 

n 

• • 1 6 

A . 

. . . . 4 

5 

. . . Half 

10 WF 21 

2 . . 

. . *4 

B . 

.... 5 

6 

a 

12 WF 36 

3 . . 

. . rfe 

C . 

. . . . 6 

7 . 

n 

14 WF 43 

4 . . 

.. % 

D . 

. . . . 7 

8 

4 f 

16 WF 58 

5 . . 

. . fe 

E . 

. . . . 8 

9 

44 

18 WF 77 

6 . . 

. . *2 

F . 

.... 9 

9w . 

* • 

18 WF 96 

7 . . 

. . % 

G . 

. ... 10 

10 Vs . 

44 

21 WF112 

8 . . 


H . 

. ... 12 

12 . 

44 

24 WF160 

9 . . 

. . 7k 

J . 

. . . . 15 

13*2 . 

44 

27 WF177 

9a . . 

. . 1 



15 . 

44 

30 WF190 

9b . . 

. . l's 



16*2 . 

44 

33 WF220 





18 . 

44 

36 WF260 



ir FRAMING ANGLES 



Mark 

Angle Size 

Mark 

Angle 

Length 

Mark 

Angle 

Length 

R . 

. . . . 3% 

x 2*2 x *4 

2*2 . . . 

. 2Vs 

8 . 

... 8 

S . 

. . . . 3 Vs 

x 2 Vs x A 

*> 

t-J • • • 

. 3 

9 . 

... 9 

T . 

. . . . 3Vt 

x 2 Vs x 3 * 

4 ... 

. 4 

10 . 

... 10 

2R . 

. . . . 3% 

x 2% x *4 

5 ... 

. 5 

11 . 

... 11 

2S . 

. . . . 3*4 

x 2 Vs x r'o 

6 ... 

. 6 

12 . 

... 12 

2T . 

. . . . 3% 

x 2*4 x % 

7 ... 

. 7 


Etc. 


STANDARDIZED WELD SIZES 


Mark 

Shop 

Field 

Mark 

Shop 

Field 

R . . . . 

• • 1 1? • • ■ • 

. . U 

2R . . . 

u 

• • • -'*• • • • 

... *4 

S . . . . 

1 ' 

• • /•* • • • • 

. . r 

2S . . . 

• • • • • • 

. . . T 5 * 

T 

* • • • • 

• • !(>•••• 

3 S 

• • t o 

2T . . . 

3' 

• • • < o • • • 

... % 


t If 8 x 6 x lVtt-in. angle is not available, make this angle seat from an 8 x 8 x IVe-in. angle. 


Fig. 7—Details of Standardized Welded Connections 
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APPLICATIONS 


column for the full stress produced by 
this moment. It is assumed that this 
connection develops 100% rigidity. 

For semi-rigid framing the design of 
the connection is similar to that for rigid 
framing except that the degree of restraint 
produced by the connection is that which 
has been established by test for the par¬ 
ticular type of joint under consideration. 


loading. The welds connecting the top 
plate to column and beam are designed 
at normal unit stress to develop the value 
of the plate at the increased allowable 
stress for wind loads. The connection to 
the seat is designed for the same mo¬ 
ment couple at corresponding values for 
the material and welds. It is assumed 
that any combination of gravity and wind 
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Fig. 8.—Typical Safe Beam Loads for Standardized Welded Connections 


For wind-bracing connections in a 
structure designed as a simple frame the 
top plate is designed to carry the calcu¬ 
lated wind moment at the usual stress 
permitted by the Specification for such 


loading which would produce a total 
stress in the connection exceeding the 
yield point, would be relieved by plastic 
flow in the unwelded area in the top 
plate. Since the moment due to gravity 
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load in the simple frame is not reversible, 
no provision need be made in the seat for 
plastic behavior. 

The effect of a reversal of the direc¬ 
tion of beam end rotation upon the top 
plate after it has gone through a cycle of 
loading which has produced plastic flow, 
is to reduce the tension from yield point 
stress to some lower value, which may 
result in appreciable compression in the 
top plate. Where such a condition may 
be expected to occur the top plate should 
be made thick enough to prevent buckling 
under compression. This may be accom¬ 
plished by making the thickness not less 
than one twenty-fourth of the clear dis¬ 
tance between the end welds. It is not 
considered that repeated cycles of tension 
and compression in building construction 
would occur often enough in the life of 
the structure to result in conditions re¬ 
quiring a consideration of the endurance 
limit of the material. 

In all applications employing top plates 
connected to columns by butt welds the 
backing plate shown in Fig. 9 (sketch G) 
represents the most efficient method for 
obtaining full butt weld values under field 
conditions. 

The various connections shown in the 
remaining sketches of Fig. 9 and those in 
Fig. 10 demonstrate those described in 
the paragraphs above, as well as some 
suggestions for spandrel connections and 
variations of the more standardized types. 

Columns 

Splices .—Milled column splices in tier 
buildings ordinarily require only a nomi¬ 
nal amount of welding to hold the parts 
securely in place, since the load is trans¬ 
ferred directly through the contact sur¬ 
faces and the spliced shafts are stayed 
laterally by the floor framing. 

Such a splice is indicated in Fig. 11 
(left side detail). It is obvious that such 
a splice is applicable only where the differ¬ 
ence in depth of the adjoining sections is 
small. Where the difference in depths 
results in a space between splice plate 
and column flange exceeding 1 / 8 in., 
direct welding is impracticable unless the 
space is great enough to permit the use of 
filler plates of adequate thickness to 
transfer the stress from plate to filler 
plate to column flange. This doubles the 
amount of welding, one disadvantage of 
the use of fills in welded construction. 

A form of splice which has a greater 


range of application is that indicated in 
the right-hand sketch of Fig. 11. The 
thickness of butt plate is usually made 
V* or Z U in. for columns of the same 
nominal depth and two inches for col¬ 
umns differing by two inches in depth. 
The required thickness may be more ac¬ 
curately determined by the bending stress 
in the plate when transferring the load 
from the flanges of the upper to the 
flanges of the lower shaft. 

Column splices, remote from horizontal 
framing capable of affording lateral sup¬ 
port, should be designed to provide a de¬ 
gree of continuity past the splice. The 
Code requires the splice in such cases to 
transmit 50% of the axial CQlumn load. 
The Code also requires that adequate 
welding be provided to care for any net 
tension across the spliced plane resulting 
from wind forces acting in conjunction 
with 75% of the dead loading and no live 
loading, provided this condition of load¬ 
ing produces the greatest net tension. 

Base Plates .—The welding, if any, re¬ 
quired at a simple column base plate, 
need be sufficient only to hold the column 
in place. (See Fig. 12.) On light col¬ 
umns with moderate size base plates, it is 
customary to attach the plate directly to 
the column in the shop. Where it is 
deemed desirable for any reason to level 
up and grout the plates in place prior to 
erection of the columns, base angles with 
holes located to accommodate anchor 
bolts are shop welded to the column 
shafts, and no field welding of base 
angles to base plates is required. 

Where the column design is predicated 
upon a definite amount of transfer of 
horizontal shear or moment to the foun¬ 
dation, as is frequently the case in rigid 
frames and certain types of mill building 
columns, the base detail must be designed 
for this shear and moment without sen¬ 
sible distortion in the detail parts. 

Crane Column Splices .—Figure 13 in¬ 
dicates typical crane column splices. Sec¬ 
tion C-C indicates the use of slotted holes 
to permit longitudinal movement at the 
end of the crane girder so as not to limit 
girder deflection. This is a detail of e 
sign, deserving more serious attention 
than it usually receives. Unless the 
crane girders are spliced over the suppor 
for continuity the connection which trans¬ 
mits the side thrust from the top of the 
girder to the column must be designed to 
permit rather free longitudinal movemen 
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Fig. 10.—Miscellaneous Special Beam-End Connections 


of the girder at this point, while provid¬ 
ing for the necessary transmission of side 
thrust. 

Plate Girders 

Plate girder construction offers one of 
the most attractive applications for cost 


reduction by use of welding. This is 
especially true for those shops not 
equipped with multiple punches, multiple 
drills, pit-riveters and such highly mech¬ 
anized methods which produce low- 
cost riveted fabrication. The greater 
simplification possible by welded plate 
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girder construction results not only in an 
appreciable saving in material with the 
consequent saving in cost, but also a 
saving in fabrication costs as well. Where 
in riveted construction a truss may be 
more economical than a plate girder for 
a definite span and condition of loading, 
it may be that the relative costs in welded 
construction would favor the plate girder. 

Welded plate girders of moderate size 
are composed of a web plate, fillet welded 
to two flange plates, with flat bar stiff¬ 
eners, where required, fillet welded to 
web and flanges. See Fig. 14. 

For heavier plate girders, where the 
distribution of loads produces variations 
in flange stress, making it economical to 
vary the flange area, it is usual where 
more than one cover plate would be re¬ 
quired, to use flange plates of various 
thicknesses butt welded end to end. The 


attached with fillet welds having a per¬ 
missible value of only 70% X 13,600 psi. 
in shear, and this welding is doubled by 
having to be transmitted into and then 
out of the splice plate, while a butt weld 
has a value in tension or compression 
equal to that of the base metal (usually 
20,000 psi.) it should be obvious that the 
butt welded joint is about four times as 
efficient. In fact, splice plates are eco¬ 
nomical only where the stress across the 
joint is small, and the cross section of 
main material is large. If the stress in a 
butt-welded splice is lower than, say 
5000 psi., it may be cheaper to use a 
fillet-welded splice plate. 

The webs of building girders are de¬ 
signed to have a thickness not less than 
’/no of the unsupported depth between 
flanges. When the ratio of this depth to 
the thickness h/t equals or exceeds 70, 
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Fig. 11.—Typical Column Splices 


use of multiple plates fillet welded to¬ 
gether is uneconomical since at each 
plane the welds must connect for the pro¬ 
portion of the stress carried by the ma¬ 
terial beyond that plane, resulting in con¬ 
siderable increase in welding. This is 
the same characteristic of welded con¬ 
struction which makes the use of filler 
plates uneconomical. 

Where a single pair of cover plates 
welded to a rolled beam section is ade¬ 
quate to carry the load such a section 
will generally be cheaper than a plate 
girder. 

For the welded plate girder both flange 
and web splices are made with full pene¬ 
tration butt welds. These welds may be 
ground flush if conditions require it or 
they may be left in the as-welded condi¬ 
tion. Partial penetration butt welds are 
not permitted for such splices nor is the 
use of splice plates generally considered 
good practice. Since splice plates are 


intermediate stiffeners are required at all 
points where V, the maximum unit shear 
in pounds per square inch, exceeds 64,- 
000,000 divided by (h/t) 2 . The clear dis¬ 
tance, d, between such intermediate stiff¬ 
eners may not exceed 11,000 t/y/V* 

The thickness of the outstanding legs 
or projecting elements of flanges not 
supported against buckling must be not 
less than Via of their projection, when 
subjected to compression. If reducing 
the flange width will satisfy the above 
requirement, and the remaining flange 
is still adequate to satisfy design require¬ 
ments, the flange need not be so reduced. 

In some very heavy girders full pene¬ 
tration butt welds have been used to join 
the web to the flanges. Heavy tees have 
been used for flanges, employing butt 
welds between the tee stems and the webs, 
eliminating the cupping in the flange due 


* 84 in. max. in AISC Specifications. 
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to weld shrinkage. However, when the 
joint between flange and web is subjected 
to longitudinal shearing stresses only, it 
has not been demonstrated that butt welds 
offer any advantage over pairs of fillet 
welds. When this joint must transmit 
the stresses from heavy concentrations 
or rolling loads, or where the stress is 
so large as to require such large fillet 
welds as to be uneconomical, the use of 
butt welds is preferable. 

When attaching a cover plate to a 
beam or girder, the transverse spacing 
of longitudinal welds must not exceed 
32 times the thickness of the thinner plate 
joined (24 times in the case of crane 
girders, etc.). Should this spacing be 
exceeded on a thin cover plate, plug or 
slot welds are used to reduce the spacing 
to permissible limits. 


If intermittent fillet welds are used 
spaced so that the ratio of weld length 
to total length is r, the nominal size, D, 
of each weld may be determined by the 
expression 

—^2- 
19.2r 19.2 Ir 

^2 welds X 0.707 X ~ |qqq ^ P s ‘ — 

19.2 ksi. per inch of weld size^ 

The solution of the horizontal shear 
formula and the corresponding welding 
may be obtained by the use of the nomo¬ 
graphic chart in Fig. 15; the combined 
stresses in the web from the chart, Fig. 
16. 

If the factors V, Q or I vary along the 
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Fig. 12.—Typical Column Base Plate Connections 


The amount of welding required be¬ 
tween the flange plates of a girder and its 
web, or between any two component 
parts of the flanges, is determined in the 
conventional manner, by the horizontal 
shear per linear inch, H, which equals 
VQII where V is the total vertical shear 
at the section, Q is the static moment of 
that portion of the section which lies 
beyond the plane of the welded joint, 
and I is the moment of inertia of the en¬ 
tire cross section, both Q and / being 
taken about the neutral axis of the entire 
cross section. Multiplying the unit hori¬ 
zontal shear by twelve and dividing by 
the allowable weld stress per linear inch 
for a chosen weld size, gives the total 
inches required per foot of joint for the 
assumed weld size. For a pair of fillet 
welds the length of each weld is one-half 
the total obtained above. 


length of tlie girder, as is generally the 
case, separate calculations will be re¬ 
quired for as many variations in the 
amount of welding as are warranted by 
considerations of economy in the welding 
operations and the layout costs involved 
in varying the spacing. 

Each cover plate is extended beyond 
the theoretical cut-off point a sufficient 
distance to accommodate enough continu¬ 
ous welding to develop the proportional 
part of the total flange stress that should 
be carried by that cover plate. In doing 
this, it is assumed that at the theoretical 
cut-off point, the stress in the girder 
flange without cover plates is the full 
permissible stress ; and that the share of 
the total flange stress taken by the cover 
will be based on the following: 

Total s t ress in cover _ .S'? — 5', 

Total flange stress ~~ S« 
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in which Si is the section modulus of the 
girder without the cover plates and S 2 is 
the section modulus with the cover plates. 

Common practice is to weld the ends of 
the cover plates for their full value, 
using intermittent welding between the 
end welds of minimum size on the maxi¬ 
mum spacing. The intermittent fillet 
welds should be sufficient to transmit 
the horizontal shear at any point. The 
welds at the ends of the cover plate, 
should be made continuous across the end 
of the plate and returned on each side a 
distance sufficient to develop the plate 
beyond the cut-off point. Tests indicate 
that the length of weld on the sides at 
the ends of a cover plate should be not 
less than one-half the plate width, nor 
moj*e than the full plate width to provide 
good distribution of stress. The lengths 
of these welds are varied between the 
preferred limits to provide a reasonable 
weld size. 


be used instead of intermittent fillets 
when more economical to do $o or where 
it is considered advisable to seal the 
joint to prevent corrosion. It is good 
practice to use continuous welds in all 
cases where dynamic or repeated load¬ 
ings may be of a degree which would 
make desirable eliminating even minor 
stress raisers. Tests of intermittent fillet 
welds indicate a lower fatigue resistance 
than is usual for continuous fillet welds 
under similar conditions. 

The calculations for web stiffeners are 
made in much the same way as for riveted 
construction. Usually flat bars are used 
in place of angles, though for large con¬ 
centrated loads inverted angles or tees 
are sometimes used. Non-bearing stiff¬ 
eners are often attached to the webs only, 
cutting the ends on a bevel so that the 
flanges cannot bear on the stiffener. 
Where the stiffener is welded to the 
flange it is usually made sufficiently 
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Fig. 13.—Typical Crane Column Splices 


The minimum size of an intermittent 
fillet weld segment should be determined 
from the Code for the thicknesses of ma¬ 
terial involved and the lengths of the 
segments are usually at least 8 times the 
weld size, but in no case may be less 
than 4 times the weld size. The maxi¬ 
mum clear distance between segments 
should not exceed 24 times the thinner 
part joined, in the case of tension ele¬ 
ments, and 16 times in the case of com¬ 
pression elements, but in neither case 
more than 12 inches. For dynamic load¬ 
ing, the corresponding values are 14 and 
10 times the thickness of the thinner part 
joined. At supports and at end points 
where there are large concentrations of 
stress, as at loads, ends of cover 
plates, etc., continuous welds should be 
used even though stress requirements 
would be satisfied by intermittent fillets. 

Continuous welds of smaller size may 


narrow so that the fillet weld around the 
stiffener will not come too close to the 
edge of the girder flange. It is prefer¬ 
able to have clearance of at least 3/8 in. 
between the edge of the weld and the 
flange. The thickness of non-bearing 
stiffeners is usually made about 1/16 
their width, and the lengths and spacing 
of intermittent fillets are similar to the 
intermittent fillets used in welding flanges 
to webs or cover plates. 

Load-bearing stiffeners are placed in 
pairs on the webs of plate girders at 
unframed ends and at points of concen¬ 
trated loads. They are designed as 
columns assuming the column sections to 
comprise the pair of stiffeners and a 
centrally located strip of the web equal 
to not more than 25 times its thickness at 
interior stiffeners or a strip equal to not 
more than 12 times its thickness when the 
stiffeners are located at the end of the 
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web. The column length is taken as not become uneconomical. Where a large 
less than 3/4 of the length of the stiff- duplication of stiffeners would result in 
eners in computing the ratio Hr. The a low-unit cost for milling it may be more 



ends of such stiffeners are not usually economical to mill and attach with nomi- 
milled, unless the loads are of such magni- nal fillets than to use strength welds. In 
tude that the size of fillet weld would some cases it would be more economical 
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to bevel the ends of the stiffeners and 
butt weld them to the flanges. 

Some specifications for dynamically 
loaded girders have prohibited or dis¬ 
couraged the attachment of stiffeners to 
the tension flange with transverse welds 
at points of high stress. Recent fatigue 


the depth or general proportions exceed 
those of rolled beam sections. 

Trusses 

Trusses may be broadly divided into 
two groups, the simple roof truss carry¬ 
ing fairly light loads on short or medium 



If it is desired to investigate the resultant stress due to combined shearing and bending stresses 
acting upon the fillet welds, with or without additional stress (normal to the bending stress) resulting 
from loads on flanges that are not carried by stiffeners and must be transmitted through the we las. 
the solution may be made by use of the diagram in Fig. 16, or the appropriate formulas attci 
finding the value of H from the diagram on this page. 

Fig. lS.^Welds Connecting Cover Plates or Webs to Flanges 

(Proportioned for Horizontal Shear Only) 


tests do not indicate as great a diminu¬ 
tion in fatigue strength as was once be¬ 
lieved to result when attachments are 
made to one side of a bar or plate. 

It is generally accepted that the un¬ 
framed ends of built-up welded flexural 
members should have end stiffeners where 


spans and the heavier type for longer 
spans and greater loads. The first t>pe 
is fairly well standardized, generally hav¬ 
ing tee-chords made of split beam sec¬ 
tions (WF Structural Tees) and web 
members of single angles or pairs o 
angles spaced at distances back to back 
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about equal to the thickness of the stems 
of the tee chords. Gussets are seldom 
required except possibly at the heels. 


vertical plane. The ends of the web mem¬ 
bers are sawed or flame cut on a bevel 
and connected to the flanges of the chord 
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The AISC maximum compression of 24,000 psi. in base metal, as noted above, is for the special 
case of the web of a rolled section at the toe of fillet. 

While this diagram is not needed for an independent check of butt welds when their allowable 
stresses are equal to full base metal values (as now provided by the applicable Code and Specifica- 
tujns). tins diagram is >till useful for checking the adequacy of the web itself, or the adequacy of 
a fillet welded web to flange joint, under certain special conditions of loading in some types of 
construction. * 

Fig. 16.—Maximum Combined (Principal) Stresses 


Where increased area of web is required 
at one or two points, it is usual to butt 
weld additional plate to the tee stem. 

Another form for this type of truss em¬ 
ploys beam sections for chords and web 
members with webs of all members in the 


sections by fillet (or butt) welds. The 
chords of both types of trusses are well 
adapted to carrying concentrated loads be¬ 
tween panel points, the beam type generally 
offering a greater resisting moment than 
the tee. A disadvantage of the beam truss 
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is that for certain proportions it is difficult 
to bring the lines of force to an intersec¬ 
tion at the neutral axis of the chord mem¬ 
ber, which may introduce objectionable 
secondary stresses. 

On the other hand it is now considered 
by some investigators that too much con¬ 
sideration has been given in the past to 
eccentric conditions of this character, at 
least for trusses carrying static loads. 
In this connection it has generally been 
considered necessary to arrange the welds 
at the ends of angle web members to 
balance the eccentricities produced by the 
location of the center of gravity of the 
angle section. Tests reported iitdicate the 
distribution of stress in the angle and the 
ultimate strength is rather independent 
of the disposition of the welds at the 
joint. 

Where members are made up of com¬ 
ponent parts such as, for example, two 
angle members, the individual members 
must be joined together to assure their 
acting in unison. Not only is it impera¬ 
tive that each element of compression 
members have an individual ratio of slen¬ 
derness somewhat less than that for the 
whole member, but even tension members 
should be tied to insure against injury in 
handling and to insure that the member 
has sufficient rigidity when subjected to 
sudden loads. 

For longer spans and heavier loadings 
requiring larger sections, the form of con¬ 
struction is less standardized and greater 
ingenuity is required of the designer. 
Probably the commonest form for such 
trusses is the use of rolled wide flange 
shapes arranged with their webs perpen¬ 
dicular to the plane of the truss. Using 
members of the same nominal depth brings 
the flanges into two planes to facilitate 
the transmission of large stresses by 
direct welding. Preferably the joints 
should be butt welded directly, though 
some joints may require supplementary 
plate attachments. 

The use of gusset plates in a double 
web system such as would be used in 
riveted trusses of this type is not effi¬ 
cient in welded construction since dif¬ 
ferences in actual depths require filler 
plates which greatly increases the weld¬ 
ing cost, and often make a proper transfer 
of stress extremely difficult. 

While many other variations in truss 
design have been developed, some of 
them very ingenious in the use of ma¬ 


terial, the cost of joint preparation often 
offsets other savings, resulting in higher 
overall cost. This is particularly true 
where excessive joint preparation is ap¬ 
plied to the lighter types of trusses. One 
of the advantages of the tee-chord and 
angle-web truss, is that most members 
may be sheared with square cuts, to 
ordinary tolerances. (See Figs. 17 and 
18 for typical truss details.) 

Rigid and Semi-Rigid Frames 

It is assumed in the design of rigid- 
frame tier buildings, that the joints are 
so rigid that virtually no deformation 
occurs within the joint, and that the 
angles between the various members 
around the joint remain essentially con¬ 
stant throughout any cycle of loadings. 
While this ideal condition is not possible 
of attainment employing elastic materials, 
it is nearest to achievement with properly 
designed welded details. 

The most common form of joint em¬ 
ploys plate connections on the top and 
bottom flanges of the beam, butt welded 
to the column and fillet welded to the 
beam for the full moment at the usual 
allowable unit stresses, making due allow¬ 
ance for wind stresses where such stresses 
are involved. The vertical forces are 
carried by a stiffener under the lower 
plate unless architectural requirements 
prevent, in which case web connections 
may be employed. (See Figs. 19 and 20 
for typical rigid frame details.) 

Assumptions that certain portions or 
groups of welds carry vertical loads 
while other portions of the same group 
carry moments are to be used with care. 
While such assumptions have been quite 
common to riveted construction partic¬ 
ularly as applied to connections for simple 
beams upon which wind connections have 
been superimposed, and such details have 
apparently functioned satisfactorily, never¬ 
theless the rigidity inherent in welded 
connections generally requires that the 
group of welds be considered as a unit 
under various combinations of applied 
forces. Where the time saved in design 
justifies the more conventional assump¬ 
tions of distribution of forces and stresses 
and sufficient experience has been had 
with the behavior of the specific assembly 
such short cuts may be justified; but it 
should be recognized that the true maxi¬ 
mum unit stress may be differently 
located and of a much larger amount than 
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Fig. 17.—Typical Truss Details 


that determined by the conventional anal¬ 
ysis, unless the stress is limited in some 
manner by permanent deformations of 
some parts of the connection material, 
a phenomenon common to many types of 
joints. 


I he design of the joints of semi-rigid 
frames follows the same procedure as 
for rigid frames except for the degree of 
restraint which must be established by 
the results of tests of joints of the same 
type and general characteristics as those 
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used. In both rigid and semi-rigid joints 
the degree of restraint obtained for the 
joint depends not only on the disposition 
of the joint material and the size and 
location of the welds, but is also largely 
affected by the thickness of the webs and 
flanges of the sections connected as well 
as the use and distribution of stiffeners in 
the connected sections. The overall effec¬ 
tive end-restraint of beams is influenced 
also by the flexibility of the supporting 
members. 

Simple forms of rigid frame joints for 
one- and two-story industrial structures 
are illustrated in Figs. 19 and 20. The 
general arrangement and distribution of 
shop and field welds is clearly indicated. 
The determination of the stresses at the 
various sections of a rigid frame is 
covered in books on structural design. 
Since the allowable unit stresses in the 
butt welds preferred for these joints are 
equal in value to the corresponding unit 
stresses in the base metal of the com¬ 
ponent parts of the connected members, 
the design of the welds offers no diffi¬ 
culty. Care should be taken, however, to 
locate welds and splices so that the points 
of highest stress concentration occur as 
far as practicable in the base metal. 
Design utilizing these principles will 
result in a structure of such ductility and 
pliability that overstresses, due to in¬ 
accuracies of fabrication and erection, 
or from unusual loading conditions during 
or after completion, are relieved by plas¬ 
tic flow resulting in redistribution of 
stress ; and a safe, efficient structure. 

WORKMANSHIP 

Tolerances 

In the rolling of structural shapes, 
some variation from the theoretical di¬ 
mensions is inevitable. While this fact 
is well known to fabricators, it is often 
overlooked by the designer, leading to 
increased cost of fabrication or erection. 

The permitted variations from theo¬ 
retical dimensions, commonly called mill 
tolerances are established by mutual 
agreement between the producers and 
users of structural shapes and plates, 
and may be found in any rolling mill 
handbook and in the AISC Manual of 
Steel Constructxon. Welded connections 
should be so designed as to anticipate 
variations up to the maximum permitted 


tolerance or a method for their com¬ 
pensation should be decided upon in 
advance. In many cases it is not feasible 
to match separate shipping pieces in the 
shop, and therefore the first knowledge 
of any variation is gained only after the 
parts are brought together during the 
field erection, when, for lack of the proper 
facilities, it is difficult to correct the 
variance, and additional cost and in¬ 
ferior workmanship may result. It should 
also be noted that such variations are 
often more apt to prove cumulative when 
several parts are involved, than they are 
apt to cancel one another. 

There are also limitations to the fabri¬ 
cation tolerances which may be expected. 
In riveted construction lap joints were 
the usual thing and fabricators were 
used to assembling parts with the usual 
mill tolerances and the mill cutting toler¬ 
ance which in most cases is of the order 
of ±3/8 inch. When shops accustomed 
to joints which can accommodate such 
variations are called upon to fabricate 
members which are to be assembled by 
butt welding, where the joint is to have 
a root opening of 1/8 in. with a -+-1/16 
in. tolerance at each end, it is natural 
for the closer tolerance to result in 
greatly increased costs until the shop is 
organized to work to the closer toler¬ 
ances required for such butt-welded 
joints. Many fabricators who gained 
considerable welding experience, fabri¬ 
cating subassemblies of ships during the 
late war, are now in a position to work 
to much closer tolerances, not only be¬ 
cause they have installed more precise 
cutting equipment and learned more 
about the use of jigs and fixtures, but 
also because they have learned to pre¬ 
dict the effect of welding upon the length 
and finished shape of a welded assembly. 

Distortion 

For the most part very little if any 
attention is required to prevent distortion 
from the heat of welding in structural 
work. However, the use of welding with¬ 
out proper control in the joining of some 
structural units into composite members 
may result in distortions which are costly 
to correct, but which are predictable to 
a certain degree and hence can be con¬ 
trolled or eliminated. There are several 
stages where care and knowledge may be 
applied to achieve the desired result. 

If the designer selects the parts of a com- 
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H- SECTION WITH WEB HORIZONTAL 



H-SECTION WITH WEB VERTICAL 



posite member so that the amount of 
welding on each side of each axis is 
balanced, the detailer and the welder will 
have an easier problem. 

I he detailer should have experience 


and knowledge sufficient to detail the 
members and joints so as to reduce to 
a minimum the effect of unbalanced 
heated areas. Where the designer and 
detailer have done their work well, it L 
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only necessary for the welder to use a 
procedure which balances the application 
of heat to produce a final result which 
meets the desired tolerances. While it 
is possible for the shop to correct some 
of the shortcomings of the designer and 
the detailer, obviously the best results 
are obtained when all three are familiar 
with the problems involved and perform 
their part in the production of the 
finished product. 

Many designers and detailers do not 
realize that when two or more elements 
are assembled into a composite member, 
distortions may result which require ex¬ 
pensive shop straightening before ship¬ 
ment. When this is coupled with the 
present tendency in architectural practice 
to require exposed structural members 
at the sides and eaves of industrial build¬ 
ings, to provide almost perfect alignment 
for continuous steel sash, glass block 
construction and finished eave lines, 
this straightening process may be an im¬ 
portant cost item. 

For example, where an angle is riveted 
to the flange of a channel, the punching 
of holes in the channel tends to increase 
the length of the outer edges of the 
Hange with respect to the back of the 
channel producing a bow in the channel. 
Subsequent riveting may accentuate this 
effect. Attaching a masonry plate or 
combinations of plate and angle to a 
beam has the same effect where there 
is a much larger number of punched 
holes on one side of the center line. The 
effect of welding in place of riveting 
such assemblies is to produce similar 
camber in the opposite direction. Riveted 
buildings, ships, etc., tend to grow and 
result in greater length than the sum of 
the units, while welded structures tend to 
shrink, resulting in a shorter finished 
structure, unless allowances are made for 
the effect on the structure of the joint 
construction employed. 

The explanation for the shrinkage due 
to welding depends on the particular welds 
involved. Where isolated spots are 
heated by welding to a fluid or plastic 
condition the restraining action of the 
surrounding cold metal forces the re¬ 
sulting increase in volume to occur in 
the unrestrained direction. Solidifying in 
that state while cooling locks in the upset 
and while the original volume is regained 
the increased thickness due to the upset 
reduces the area and results in a residual 


tension which must be balanced by an 
area of residual compression, resulting in 
a reduction in the length of the member. 
The application of heat in this manner 
may be employed to take out buckles in 
plates or to straighten a curved struc¬ 
tural member. A somewhat similar 
effect is obtained when a longitudinal 
weld is employed. The shrinkage of the 
weld metal results in a residual tension 
in the weld, balanced by areas of residual 
compression in the surrounding base metal 
and a reduction in length or local buck¬ 
ling. If the weld is on one side only of 
the neutral axis a curved member results. 
When fully aware of the effects of weld¬ 
ing, the designer may arrange the parts 
of a composite member to eliminate or 
greatly relieve this condition. For ex¬ 
ample, where a masonry plate is 
attached to a beam to carry masonry on 
one side only of the center line of the 
beam, increasing the width of plate so 
that the connecting welds may be made 
on both edges of the flange will aid in 
balancing the welds and reducing the 
distortion. 

Where equal amounts of welding are 
not possible on both sides of the center 
line there are several other effects which, 
if controlled, will assist in producing the 
desired result. Since continuous welds 
result in greater shrinkage than inter¬ 
mittent welds, varying the lengths and 
sizes of the welds to offset varying dis¬ 
tances from the neutral axis may assist 
in balancing the shrinkages. Another 
phenomenon which may be utilized to 
advantage is that where equal welds are 
placed on opposite sides of the center 
line and one of these welds is completed 
before the other is started, the distortion 
effect of the second weld never quite 
equals that of the first weld. Even where 
the welds are balanced, distortion from 
this effect may result. This is best 
controlled by welding the two welds 
simultaneously, employing two qualified 
welders, though it may also be accom¬ 
plished by alternately welding short 
lengths on each side in a wandering 
sequence. 

Another cause of excessive distortion 
is the tendency of some designers, un¬ 
familiar with welding, to use an excess 
of welding. It is hard for them to con¬ 
ceive of the great strength possessed 
by small welds, so they design by feel 
or appearance rather than by comply- 
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ing with the Code. Such overwelding 
adds greatly to the cost, exaggerates the 
distortion problem and requires more 
drastic straightening operations. 

It is also possible for tlie excess heat 
input resulting from overwelding to 


raise the temperature of the base metal 
at some points sufficiently to reduce the 
ability of the material to resist residual 
stress introduced in the steel mill during 
the operations of rolling, cooling, cold 
straightening, etc., with the result that 
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distortion occurs. Since the existence 
and location of such residual stress is 
impossible to predict, the distortion pro¬ 
duced by the excessive application of 
welding is unpredictable. 

Where the designer is familiar with 
the problems of welded design, the dis¬ 
tortions which may result and how they 
may be overcome in design and detail, it 
is desirable to show on the design draw¬ 
ings the results of this experience. 
Where this knowledge is not possessed by 
the designer it would be preferable for 
the designer to outline the main consider¬ 
ations only, and leave to the fabricator 
the detailing and fabrication, first having 
assured himself of the competency of the 
fabricator. 

Shop organizations learn by experi¬ 
ence how to overcome the problems of 
distortion during fabrication. Since vari¬ 
ation in the procedure can result in com- 
lete reversal of distortion under some 
conditions, and the degree and direction 
of distortion can only be anticipated after 
considerable experience with the same or 
similar assemblies, the amount of ex¬ 
perience and general ability of the shop 
organization will be reflected in the fit 
and straightness of the finished structure 
and to a degree will also be reflected in 
fabrication costs. 

Painting 

It has generally been considered poor 
practice to permit welding through paint, 
whether a new coat of shop paint or 
several coats of old paint such as would 
be encountered when repairing or alter¬ 
ing existing structures. Some specifi¬ 
cations require that all paint be omitted 
or removed within two inches of the 
weld, although a coat of linseed or other 
light oil without pigment is generally con¬ 
sidered to be acceptable. Other specifi¬ 
cations permit the use of a comparatively 
thin primer coat of certain kinds of paint. 

The practice of using a linseed oil 
shop coat has never been considered to 
be a good solution: in fact, the results 
obtained hardly justify the cost of appli¬ 
cation, since the thin oil coat becomes 
very badly abraded in the course of han¬ 
dling during shipping and erection. It 
has none of the self healing properties 
of a good paint coat, does not dry hard 
and altogether affords rather poor pro¬ 
tection against corrosion even for tem¬ 
porary service. Furthermore, it is doubt¬ 


ful if it is any easier to weld through a 
coat of linseed oil than it would be to 
weld through a thin coat of iron oxide 
or zinc chromate primer. 

The alternative of applying a good 
coat of shop paint, with paint omitted 
at the field welds, generally referred to 
as striping, is not very satisfactory 
either, for it increases appreciably the 
cost of applying the shop coat, and it 
increases the cost of the field touch-up 
coat. In fact, it is really only practicable 
when there are large enough areas free of 
field welding so that the total cost of 
shop painting with areas to be field welded 
omitted, plus the cost of touch up, is less 
than the cost of application of the first 
coat in the field. 

The fabrication industry has never 
taken too kindly to the use of a linseed 
oil shop coat, nor to the extra expense 
involved in striping. Nor is the alter¬ 
native of omitting the shop coat and 
painting two field coats much more ac¬ 
ceptable. On the other hand, many ex¬ 
perienced welding operators have main¬ 
tained that, given a bare spot on which 
to start the arc, they could produce ac¬ 
ceptable welds on new or old paint. 
Some structures have been built or re¬ 
paired under such conditions with ap¬ 
parently satisfactory results. 

The most recent report on this subject 
indicates that the presence of paint on the 
joint before welding has little effect 
upon the strength of the finished weld, 
but that such films present an obstacle 
to the production of the weld, and affects 
the appearance of the weld, varying with 
the experience of the welder with weld¬ 
ing through paint and with the thickness 
of the paint film. 

It was found that iron-oxides had prac¬ 
tically no effect on the welding, while 
zinc-chromate, graphitic-mica, zinc-oxide, 
titanium dioxides and magnesium-silicate 
had only a slight effect on the external 
appearance and soundness of fillet welds. 
Lead sulfates (blue lead, white lead, basic 
lead sulfates) produced arc instability and 
poor appearing, porous welds. A 98% 
red-lead pigment showed definitely del¬ 
eterious effect, while red lead slurries 
exceeding 75% red-lead resulted in poo r 
appearance and porous welds. A 25% 
iron oxide, 75% red lead produced ac¬ 
ceptable results, which improved as the 
red-lead percentage was decreased and 
the iron oxide increased. 
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paints. Coats thicker than 3 mils gener¬ 
ally caused some difficulty, particularly 
on vertical welds, apparently because of 
the lower welding currents used. 

In multiple-pass welds difficulty was 
encountered on the first pass only, since 
the adjoining paint was generally so 
burned in making the first pass that it 
was either removed completely or was 
so charred that the wire brushing be¬ 
tween passes removed it entirely. 

The recommended practice based on this 
report would be to use a thin shop coat, 
not to exceed three mils in thickness, 
preferably of an iron oxide or zinc chro¬ 
mate paint. After field welding through 
this paint, the slag should be thoroughly 
cleaned and the burned areas touched up 
with the same paint as the shop coat, 
after which the field coat may be applied. 

For those structures where exposure 
to weather or corrosive gases would re¬ 
quire more protection than would be 
obtained from the above paint procedure, 
rather than apply a third coat, it may be 
more desirable to omit the shop coat 
entirely, applying two heavy field coats. 
This would certainly be better where the 
steel would not be exposed to any con¬ 
siderable corrosion between fabrication 
and erection. For those cases where un¬ 
usual exposure between fabrication and 
erection may be expected, the three-coat 
procedure would be indicated. 

The practice of painting contact sur¬ 
faces before assembly either in the shop 
or in the field is to be avoided for either 
welded or riveted construction. While 
specified in older specifications, more re¬ 
cent tests and experience indicate that 
this practice does not improve the joint, 
may actually reduce the strength in a 
riveted joint, increases the cost, and con¬ 
stitutes a health hazard for either riveters 
or welders. Local safety regulations 
should be taken into consideration in con¬ 
nection with flame cutting or welding on 
painted surfaces. (See Chapter 46.) 

Erection 

Erection of welded construction should 
be at least as efficient as for riveted con¬ 
struction. The welders can quite gener¬ 
ally follow more closely behind the 
setting gang, their progress being limited 
only by the plumbing-up of the steel 
frame. Another factor is the greater ease 
of movement of the welder from one point 
to another, since, generally, no scaffold¬ 


ing is required, no heater, bucker up, 
rivet catcher, etc.; one man replacing the 
whole rivet gang. Efficiently organized, 
field welding is generally less costly than 
field riveting. 

While clamps, clamping devices and 
jigs are used rather extensively on some 
classes of shop welding to hold the parts 
in line, or in contact, they are not in 
general use in the field welding of framed 
structures, even though the use of clamps 
and hitches of various sorts is quite 
common to plate and tank work, and in 
ship work, where the lining up of con¬ 
tiguous parts of large plate justifies 
such equipment. 

The more usual practice in framed 
structures is to use ordinary rough bolts 
in punched holes to hold the members 
during plumbing and welding. Generally 
two bolts are used so arranged that the 
erection loads and the service loads are 
carried on shop welded seats, as far as 
practicable. Where erection loads are 
carried directly by the bolts, it may be 
necessary to increase the number. It is 
considered most economical' to locate 
field bolts generally so that as far as 
possible holes are restricted to detail ma¬ 
terial. Since holes may be pierced with 
an oxygen-cutting torch at any stage of 
shop fabrication, thereby reducing the 
handling charges, it has become accepted 
practice to permit the use of flame-pierced 
holes for erection bolts. The employ¬ 
ment of this device obviates the necessity 
for going to extremes to avoid holes in 
main material, which often results in 
awkward joints and increased welding. 

The use of a minimum of two bolts is 
desirable even for minor bracing, since 
the connector can pin through one hole 
with the spud end of his wrench, prying 
the holes into line, until he can place a 
bolt in the second hole. Depending on 
the location and importance of the joint, 
a second bolt is then placed in the 
other hole and both bolts turned up tight, 
or a drift pin is placed in the second hole 
and driven up tight, although in some 
cases the second hole is left open. n 
any case, after the completion of the 
field welding, the erection bolts are usu¬ 
ally permitted to remain in place, since the 
cost of removal usually exceeds the value 
of the bolts, though drift pins are re¬ 
moved since it takes but one or two sharp 
raps of a hammer to remove them. 

For some forms of rigid frame where 
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the joints are left exposed and a more 
pleasing appearance results from smooth 
areas, clear of all bolts and nuts, the 
use of welded hitch plates or angles is 
common with all the holes in the hitch 
material, which is flushed off with the 
oxy-acetylene torch when the welding 
has proceeded to a point where the hitch 
is no longer required. The surface is 
then chipped or ground flush before 
painting. 

In an otherwise all-welded structure it 
is considered good practice to use rough 
bolted connections, where specifications 
permit, for such items as roof purlins, 
roof bracing, girts and secondary beams. 
Since two bolts would generally be re¬ 
quired for erection purposes alone, and 
few or no additional bolts to carry the 
service load, it should be obvious that 
substantial savings result if the joint is 
designed for field bolting. 

For a series of bents, particularly 
rigid-frame bents with rather large knee 
and ridge joints, some erectors prefer to 
do the welding on the ground and raise the 
bent into position in one piece. This prac¬ 
tice is limited by the relative size and 
weight of bent and the available hoisting 
equipment (and the personal preference of 
the erector) and it is advisable to de¬ 
termine whether the joints are to be 
welded on the ground or in the air before 
designing the details of the various joints. 
It is recommended that procedures be set 
up for erection and welding sequences to 
facilitate erection, control distortion, and 
assure preferred stress distribution in 
members and connections. 

For some types of structures the ac¬ 
curacy in fabrication is not much different 
from what would be required for riveted 
construction. This would be true of 
simple beam and column construction 
where the gravity loads are carried on 
shop-welded seats with two bolts to 
hold the beam during plumbing; loose 
top angles or top plates are field welded 
in position, and the beams are cut to 
usual mill-cutting tolerances. However, 
if erection costs are not to be greatly 
increased the fabrication must be much 
more carefully done and to much closer 
tolerances for structures employing butt- 
joints. Where the abutting edges of 
joints are too close to permit penetration 
at the root, expensive field cutting or 
chipping must be resorted to; if the root 
opening is too wide the volume of welding 


is greatly increased. In excessive cases, 
backing plates or extension pieces may 
have to be used. 

It is often possible when designing 
rigid frames to arrange the locations of 
the field splices so they occur in the nar¬ 
rower portions of the rafter beam, pref¬ 
erably at or near the point of inflection 
so that the field welding is reduced to a 
minimum, and the highly stressed knee 
joint may be completely shop welded 
where the control of joint clearances and 
the welding of the more highly stressed 
joints may be much more efficiently ac¬ 
complished. 

Unlike riveted connections where open 
holes are an unmistakable indication of 
the location of bolts or rivets it is neces¬ 
sary in welded construction to furnish 
adequate erection sketches indicating the 
size, type, location and sometimes the se¬ 
quence for placing the required welds. 
Under certain ideal conditions such as the 
standardized connections referred to else¬ 
where in this chapter, the field welding 
has been so standardized that the pattern 
is soon memorized and only a few typical 
notes or sketches on the erection drawing 
are sufficient; whereas, if a considerable 
number of special details are used, draw¬ 
ings must he furnished showing complete 
details of the various joints, using iden¬ 
tifying symbols on the erection drawing 
and the sketches. These sketches should 
preferably be made on forms small 
enough to be bound into sets which may 
be carried in the workman’s pocket. 

It is considered good practice to have 
a welding supervisor, foreman or assist¬ 
ant engineer locate all welds on the steel 
from the sketches furnished, indicating 
sizes and lengths of all welds, using lum¬ 
ber crayon or paint, so that the marks 
will remain until painted out. This per¬ 
mits the welder to concentrate on the 
welding operation, resulting in cheaper 
and better welds. After the welding is 
completed at the joint, the inspector can 
then check the work against the marking 
on the steel, also comparing the work 
with his copy of the detail sketch, thus 
eliminating the possibility of omitting any 
of the field welds. 

INSPECTION 

In any kind of fabrication or construc¬ 
tion work, the work of inspection is made 
easy or more difficult, depending upon 
the amount and adequacy of the direct 
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supervision imposed upon the production 
forces. One of the principal duties of an 
engineering-inspector is to see that com¬ 
petent and sufficient supervision is pro¬ 
vided, taking care however, not to in¬ 
terfere with those phases of control which 
are properly the responsibility of manage¬ 
ment. 

Although the lack of a practical, gen¬ 
erally applicable, non-destructive test for 
completed welds has been deplored by 
some structural engineers, no comparable 
tests have been developed, nor deemed 
desirable, for other forms of fabrication. 
The most effective way to insure good 
quality of workmanship, and sound con¬ 
struction, is to establish the essentials of 
the construction procedure to be used, 
and then to exercise sufficient inspection 
over the work during its progress to as¬ 
sure that the essential requirements are 
being met. 

The workmanship clauses of the 
American Welding Society’s Code, and 
the American Institute of Steel Construc¬ 
tion's Specification, referred to through¬ 
out this chapter, establish the essentials 
of prequalified welding procedures which 
experience and research have shown de¬ 
sirable. When procedures are proposed 
which do not conform to those which 
have been so prequalified, the process for 
obtaining approval of such procedures is 
also described in the Code and Specifica¬ 
tion conforming to the requirements of 
the American Welding Society’s Stand¬ 
ard Qualification Procedure. The same 
documents describe the procedure for 
qualification of welding operators. 

While a number of methods have been 
developed for spot checking welds, such 
as trepanning, radiographic examination, 
magnetic powder testing, etc., they re¬ 
quire comparatively expensive operations, 
which are seldom necessary for ordinary 
welded structures. It is generally con¬ 
sidered that adequate assurance of weld 
quality can be obtained, where an expe¬ 
rienced inspector is present while the 
work is performed, actually observing the 
welding operation at intervals, so that the 
welder knows he is under the direct 
observation of an experienced person who 
knows what to look for; one who can tell 
by surface appearance of single-pass 
fillet welds whether proper current was 
used; whether the technique used and 
weaving, if any, is such as to assure ade¬ 


quate root penetration, and similar con¬ 
clusions which may be drawn from visual 
inspection. 

For a complete description of the 
duties of the inspector, the American 
Welding Society has published the In¬ 
spection Handbook for Manual Metal- 
Arc Welding. In brief, the inspector 
should assure himself that the specified 
electrodes are used, that the currents used 
are in accord with the manufacturers 
recommendations, and suitable for the 
position of welding; that the joints are 
prequalified or have been otherwise quali¬ 
fied in accord with AWS procedures; 
that the welder has passed the required 
qualification tests for the work he will 
be called upon to perform; that the welds 
are made in accordance with the estab¬ 
lished procedures ; and the material prep¬ 
aration and fitting-up conform with ac¬ 
cepted standards and specifications. After 
the welding is completed he should as¬ 
sure himself that all of the welds called 
for on the drawings have been actually 
made, that they are accurately located and 
of the specified sizes. He should also 
check the finished welds for size, length 
and standards of workmanship with re¬ 
spect to contour and appearance of the 
weld surface, surface defects, craters, 
undercutting, overlapping edges of welds, 
cracks, etc. 

Both shop and field inspectors should 
employ check methods which automati¬ 
cally prevent omission of welds. This 
may be accomplished by having the weld¬ 
ing supervisor mark on the work with 
materials which will not be erased during 
handling, the size, length and location of 
all welds. After completion of the work, 
the inspector can check these markings 
against the work performed and also 
against his own set of drawings and 
eliminate the possibility of omissions and 
wrongly located welds. Weld location is 
important; placing welds in the wrong 
location may be just as serious as omit¬ 
ting the welds altogether, since excessive 
stress may be developed in a wrong!} 
located weld at a joint which has been 
designed to flex or yield plastically wit 1 
properlv located welds. Over-welding 
either in size or length of welds is to be 
discouraged, for such practices not only 
increase welding costs, but may also in 
troduce distortions, the correction oi 
which may be both costly and difficult. 
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ESTIMATING COSTS 

Any comparison of the relative costs of 
welded construction with other methods 
of joining should take into consideration 
such intangibles as appearance of the 
finished structure, together with lower 
maintenance costs of exposed steel; de¬ 
creased weight of moving elements such 
as cranes, resulting in lower operating 
costs; greater ease of access for altera¬ 
tions or additions; as well as any saving 
which may be obtained in first cost of the 
structure. 

The saving in steel cost will vary with 
the type of structure, the skill of the de¬ 
signer in utilizing the inherent advan¬ 
tages of welding; the experience of the 
fabricator in planning and organizing the 
work, and in the employment of jigs and 
fixtures; the use of welding procedures 
and sequences to control distortion and 
to eliminate expensive straightening oper¬ 
ations; and with the skill and experience 
of the erector. 

Weight savings have been obtained as 
high as 20 to 25% for rigid frame con¬ 
struction of large mill buildings, auditori¬ 
ums, hangars, etc; 10 to 15% for mill 
buildings with roof trusses; 15 to 30% for 
industrial handling equipment; while for 
conventional tier buildings the reduction 
in weight has been as low as 5 to 10%. 
Certain elements of such structures may 
show savings in weight as great as 20 to 
30% for truss type mill building bents, 
20 to 35% for built up plate girders, and 
15 to 30% for welded trusses. 

Where the factors of skilful design, 
economical fabrication, and experienced 
erection are all favorable there should 
be a reduction in the various unit costs 
which will substantially increase the total 
savings. However, a design prepared 
without proper consideration for fabri¬ 
cating and erection costs can result in in¬ 
creased unit costs which will offset most 
if not all of the savings accomplished by 
reduction in the weight of material. The 
use of standardized details, wherever 
they are appropriate, results in a saving 
in detailing and fabrication costs as well 
as reducing the cost of preparing the de¬ 
sign. Such a system of standardized de¬ 
tails is described in the paragraph on the 
design of joints. 

In order to accurately estimate costs of 
welded construction it is essential that the 


estimator be experienced in the various 
factors which enter into the cost of such 
structures, just as an estimator of any 
form of structure must have a knowledge 
of costs, which can only be acquired 
through experience. Experienced esti¬ 
mators of welded fabrication find that 
costs can be estimated just as accurately 
as can those of other items of construc¬ 
tion. The labor item, of course, varies 
with local conditions as it does in any 
kind of construction. (Chapter 41 con¬ 
tains data for estimating welding costs.) 

Only by acquiring sufficient skill and 
experience in welded construction to 
properly evaluate all the variables can an 
engineer know what economies are pos¬ 
sible in any specific case. Even the com¬ 
mon device of taking alternative bids may 
not be conclusive, since the bids may 
merely reflect a transitory market condi¬ 
tion. Obviously, a steel fabricator whose 
shop organization and procedures are set 
up for riveted fabrication is unlikely to 
quote a lower price for a welding alter¬ 
native in a seller’s market. The same 
alternatives submitted in a buyer’s market, 
or quoted by a fabricator whose shop is 
organized for welded fabrication, will be 
more likely to reflect the relative costs of 
the two designs. 

While conditions may make it difficult 
at times to obtain theoretical price ad¬ 
vantages in borderline structures, such as 
simple beam and column construction; 
where such structures must be designed 
to resist lateral forces, such as wind 
pressure, the necessity for stiffer joints, 
introduces factors more favorable to 
welded construction. Depending on the 
size of building and the magnitude of the 
lateral forces, the structural frame may 
he designed as a rigid frame, semi-rigid 
frame, or the top plate wind-bracing con¬ 
nection may he employed as described on 
page 1094. 

Welded fabrication, like most techno¬ 
logical improvements, has met with con¬ 
siderable resistance, except for those ap¬ 
plications where some overwhelming 
advantage overcomes this resistance. 
This has been true of certain welded plate 
work, such as oil storage tanks and simi¬ 
lar structures, where the maintenance 
costs of riveted structures are excessive 
due to the necessity for repeated caulking. 
When such savings are added to the 
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saving in first cost, owner demand over¬ 
comes all objections. This is true also, 
in those cases where customer demand for 
greater aisle width and elimination of un¬ 


sightly trusses and shadows has resulted 
in the adoption of rigid frames for it is 
in such structures that welding offers the 
greatest advantages and economy. 
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CHAPTER 48 


BRIDGES* 


GOVERNING CODES AND SPECI¬ 
FICATIONS 

The design and fabrication of bridges 
by welding is most often done in accord¬ 
ance with the AWS Standard Specifica¬ 
tions for Welded Highway and Railway 
Bridges. These Specifications are, how¬ 
ever, intended to be used in conjunction 
with the governing basic specifications. 

In general, railway bridges are de¬ 
signed in accordance with the specifica¬ 
tions of the American Railway Engineer¬ 
ing Association and highway bridges are 
designed in accordance with those of the 
American Association of State Highway 
Officials. An analysis of the basic re¬ 
quirements of the fourth edition of the 
AWS Standard Specifications for Welded 
Highway and Railway Bridges is given 
in the following paragraphs. 

The Specifications for any contract for 
an all-welded steel bridge should contain 
the following information: 

Description of work contemplated. 

Method of measurement (if on the 
pound price basis). 

Basis of payment (whether on pound 
price or lump sum basis). 

If on the unit price basis, how fillets 
are paid for. 

MATERIALS 

I he AWS Standard Specifications for 
Welded Highivay and Railway Bridges, 
like the general bridge specifications of 
the American Railway Engineering As¬ 
sociation and American Association of 
State Highway Officials, contemplate 
that the steel used in new bridges, or in 
repairs to old bridges of steel, shall have 
a minimum yield point of 33,000 psi. and 
a minimum tensile strength of 60,000 psi. 

\i'*ii^ >re U arc ^ a committee consisting of J. F. 
>V ilhs State Highway Dept., State of Connecti¬ 
cut, Chairman: F. H. Frankland, Consulting 
Engineer; LaMotte Grover, Air Reduction Sales 
'o; Jonathan Jones, Bethlehem Steel Co. 


There being no standard specification 
available which will guarantee these 
minimum mechanical properties and will 
at the same time guarantee chemical and 
other properties ensuring weldability 
(except at considerably higher price), 
the following alternative provisions are 
made: 

1. Steel not over 1-in. thick should 
conform to ASTM Standard Specifica¬ 
tions for Steel for Bridges and Build¬ 
ings (Serial Designation: A7) which 
guarantees minimum mechanical prop¬ 
erties and which has been found by 
years of experience with commercial 
deliveries to seldom contain over 
0.25% carbon in thickness up to 1 inch. 

2. Steel from 1-in. to 2Va-in. thick 
should conform to ASTM Specification 
A7 to guarantee the mechanical prop¬ 
erties and should be further investi¬ 
gated or treated in either of the follow¬ 
ing ways: 

(a) A check test may be made on 
drilling and, if the carbon content plus 
one-sixth the manganese content does 
not exceed 0.40%, the steel is satis¬ 
factory for use with special precau¬ 
tions, or 

(b) If no such check test is made, 
or if the carbon plus one-sixth of the 
manganese content is found by check 
test to exceed 0.40%, preheat and 
possibly postheat are to be employed. 

3. In lieu of 2(a) and 2(b) the steel 
may be purchased to Federal Specifica- 
tion QQ-S-741, Grade A (Bridges), 
Type II (Welding Quality) ; which 
specifies the same minimum mechanical 
properties as ASTM A7 and also im¬ 
poses a chemistry maximum of 0.31% 
carbon and 0.75% manganese and is 
sold by the mills under a substantial 
quality extra. 

No specification is provided for steel 
over 2 1 / 2 -in. thick, as its use is not 
covered by the AWS Bridge Specifica¬ 
tions. 

Low-alloy structural steel (ASTM 
A242), having a 50.000 psi. minimum 
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yield point, is satisfactory for welded 
bridges but despite the higher unit 
stresses permissible, its cost makes its 
economic use in ordinary bridge struc¬ 
tures a matter for careful estimating. 

The foregoing carbon and low-alloy 
steels may all be welded using any of the 
electrodes in the AWS-ASTM E60 series 
of classifications. (See Chapter 38.) 

Steel conforming to ASTM Standard 
Specifications for Structural Silicon 
Steel (Serial Designation: A94) is un¬ 
suited for welded bridges. 


Arrangements that tend to cause progressive 
tearing on high-tension stress at root of 
weld due to bending. 



the electrodes in the E60 series of classi¬ 
fications are suitable. 

DESIGN 

Loads and Forces 

The AWS Bridge Specifications con¬ 
template that the loads and forces, the 
unit stresses on base material, the general 
requirements as to arrangement of parts, 
clearances, camber, etc., will be found 
in an applicable standard specification, 

Arrangements that provide better resistance 
to bending and tearing actions on 

welded joints. 

r - . . ■» — i 



Benct/na te 5'Sfec/ bo ort/u ~ _ . , . 

thro<3t Sect/on ot one *♦✓«?/</ £ enc///j 9 r eS/S*e<* 

tv e /</ - tore es pro </uC /n 9„ 

Coispte ot /ever arm <5 



Fig. 1 .—Unsatisfactory and Satisfactory Lap Joints 


Where wrought iron base metal is to 
be used in the repair or strengthening of 
an existing wrought iron bridge, or 
where it is used for special corrosion- 
resisting purposes, as for base and cover 
plates, it should conform to ASTM 
Standard Specifications for Rolled 
IVrought-Iron Shapes and Bars (Serial 
Designation: A207) or Standard Speci¬ 
fications for Wrought-Iron Plates (Serial 
Designation: A42). Here again all of 


such as that of AREA for railway 
bridges and that of AASHO for hig 
way bridges; the only exceptions being 
those matters which are affected by t e 
choice of welding as the method of con¬ 
struction. 


rpe of Joint 

The junction point or edges of any two 

more pieces of metal to be 
jlding is known as a joint. Therefore, 
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the predominant application of welding 
concerns the matter of joints. 

Permissible Welds. —The AWS Bridge 
Specifications sanction butt, fillet, plug 
and slot welds provided they are in con¬ 
formity with the standardized require¬ 
ments set up. In this case no qualifica¬ 
tion of procedure is required. Unortho- 


of prequalified joints are included butt 
welds, single- and double-vee, bevel, J 
and U grooves; also square edge material 
not exceeding 1 U in. in thickness. Pre¬ 
qualified details thereof embrace limits 
of maximum plate thickness and mini¬ 
mum included angles, root face, root 
opening, root radius contour and rein- 


To be avoided 



Fig. 2.—Unsatisfactory and Satisfactory 


Preferred 



'/eldreturns should 
c/ear beam f/ange. 



Joints and Beam to Column Connections 


dox or non-standard joints are not ruled 
out if such can be proved adequate and 
suitable by the stipulated qualification 
tests. 

N on-Permissible Welds .—The Speci¬ 
fications forbid the use of saddle welds 
(except for sealing), of intermittent butt 
welds and of butt welds made from one" 
side only without backing. 

Prcqualified Joints .—In the category 


forcement. Alternative procedures are 
approved for transition butt welds be¬ 
tween parts of unequal thickness. 

Types of Welds 

Butt Welds vs. Fillet Welds .—All re¬ 
search pertaining to joints has revealed 
the superiority of butt welds over fillet 
welds where fatigue is a consideration. 
As a consequence, fillet welds have been 
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penalized to an extent sufficient to en¬ 
courage the use of butt welds wherever 
there is a possible choice of use. Ob¬ 
viously the stress lines have a much 
smoother path in the butt weld. Present 
test results on fatigue of butt welds are 
more consistent and dependable than 
those on fillet welds. There has been a 


I .ess suitable for dynamic loading 



Great stress is laid on the preference 
for continuous rather than intermittent 
fillet welding, out of consideration for 
fatigue strength as well as resistance to 
corrosion. The economy of intermittent 
fillet welding is often doubtful and never 
very appreciable. 

Plug and Slot Welds .—These types of 


Preferred for dynamic loading 







Stress Ra/s ers 



Inter rrti ttent We/ds 


V 

r.nnt/nuous We/d$_ 


Ft/let l Velds Stressed tn LOQSitudm*! Shear 

Fig. 3.—Unsatisfactory and Satisfactory Joints for Dynamic Loading 


tendency on the part of detailers, par¬ 
ticularly those converts who follow rivet¬ 
ing practices, to use the fillet-welded lap 
joint rather than the butt joint. Bridge 
specifications should place particular 
emphasis on the desirability of the butt 
weld. 


are permitted to carry calculated 
only and at the unit values for 
welds ip shear. The holes or slots 
be filled by a continuous welding 
ation. The width of slot or d.an 
of hole should not exceed 2 A time 
thickness of the plate if of the filled 
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type. Slot welds are permitted only 
when loads are essentially of static 
nature. 

Splices 

Web and Flange Splices .—In the very 
early stages of structural welding, fillet 
welded strap splices for web and flanges 
were required for girder assembly, while 
butt welding was either ruled out or not 
depended upon to carry the full stress. 


shrinkage of the heated part from pro¬ 
ducing harmful effects. As an example 
of such provisions there is cited the weld¬ 
ing of the thinnest member (usually the 
web) prior to welding the heavier ele¬ 
ments ; also the use of a backstep se¬ 
quence and of preheating under some cir¬ 
cumstances. The value of the latter 
cannot be overemphasized and when 
properly organized is not unreasonably 
expensive. 




Fig. 4.—Unsatisfactory and Satisfactory Splices 


Fillet-welded splice straps actually reduce the fatigue strength of a butt joint. 

A butt weld is preferred for fatigue resistance. Removal of reinforcement by grinding or 
machining to produce smooth and Hush surface is desirable, but expense of finishing is seldom 
warranted. 


However, it was soon realized that the 
butt joint was far more efficient and 
the requirements were reversed. While 
the AWS Bridge Specifications have 
abandoned this restriction against butt 
welds they do emphasize the necessity of 
employing a carefully controlled proce¬ 
dure and sequence of welding for splicing 
rolled beams and built-up plate girders 
to insure against serious shrinkage 
stresses and deformations. 

The specifications require that all shop 
splices in each component part be made 
and that that component be completely 
assembled before it can be welded to the 
other parts of the structure. In making 
butt-welded splices in rolled shapes and 
in built-up sections, it is mandatory that 
the sequence and procedure of welding 
be such that while the weld and the 
heated base metal are contracting in 
cooling at any point, any parts of the 
member that would furnish restraint 
against such contraction can move, shrink 
or deform sufficiently to prevent the 


1'he most common practice is to use 
the double-vee weld for all web splices 
and for shop welded flange plates except 
where double-U welds would be more 
economical. Single-vee or single-U- 
groove welds with a shallow groove for 
back welding are used for field splices of 
flanges to minimize the amount of over¬ 
head welding. 

Field Splices. —Good design requires 
that as much of the assembly be per¬ 
formed in the shop as is possible. With 
trusses over 8 ft. in height the shop weld¬ 
ing would, in most cases, be confined to 
the assembly of individual members be¬ 
cause of shipping restrictions. The en¬ 
tire assembly of the trusses would be in 
the field. 

In the case of plate girders it is often 
possible, for spans of 130 ft. and under, 
to ship the girders completely assembled. 
This reduces the field welding to a mini¬ 
mum and usually effects a saving in cost. 

Where field splices are unavoidable, as 
in the case of a long, continuous girder. 
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they should be located at the points of 
contraflexure or at least at points where 
the bending moment and consequent 
flange stress are low. Abutting parts 
should be carefully match-marked in the 
shop and erected on falsework if possible. 
This latter practice is seldom an expen¬ 
sive item. The upper and lower flange 
splices are sometimes staggered, the 
splices being located in the direction of 
decreasing tension, although this does 
not seem to exert any appreciable effect. 


Camber in Built-up Girders 

When it is desirable to leave a residual 
camber in any built-up simple plate girder 
some additional camber should be laid 
out in cutting the web plate to shape. 
This is because in welding the stiffeners 
to the compression or top flange (not to 
the lower or tension flange which is fitted 
only) some of the camber will be lost by 
the pulling in action of the shrinkage at 
the upper flange. 



Note: Information shown for use by designer only. 

When materials of different thicknesses are welded the optimum electrode angles vary from 
those shown to permit the heavier piece to receive more heat. 


Fig. 5.—Clearances for Welding 


While the sequence of such splicing is 
determined frequently by convenience in 
handling and erection, it is generally left 
to the discretion of the engineer in charge. 
Although heretofore there has been some 
opinion that by welding the compression 
flange first, the tension flange next, and 
then the web, it was possible to create 
only compressive stresses in the flanges, 
experience has shown that reasoning to 
be fallacious. It is generally preferable 
to weld the web first, rather than to wait 
until it is restrained by the welding of 
the flanges. 

A semicircular opening is made in the 
web opposite the line of the flange splice 
in order to permit the introduction of 
the electrode for a complete weld across* 
the flanges on the inside. 


Design Details .—Figures 1 to 4, in¬ 
clusive, illustrate various joints and the 
correct or incorrect manner of detailing. 

Figure 5 illustrates various means of 
detailing to provide sufficient clearances 
for welding. 

These design requirements (particu¬ 
larly the provisions of Table 1) appear to 
be much more complex than those of t e 
usual specifications for riveted bridges. 
It should therefore be noted that: 

1. Logic and economy require that 
similar distinctions, based on probabili¬ 
ties, be recognized in the design ot a 
bridges regardless of the type of fasten¬ 
ings. 

2. The system does not (except in 
rare instances) call for any more wo 
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in the computation of stresses than do 
the older types of specification. 

3. Several of the design formulas in 
Table 1 (following the word but) 
merely express in formula terms the 
textual matter of older specifications 
or the common sense of the situation. 

4. Once the live load stresses have 
been calculated, the application of the 
several formulas is extremely simple. 

Statement 4 is borne out by the com¬ 
plete working out of several typical 
cases in Appendix A of the AWS Bridge 
Specification. That Appendix also con¬ 
tains, for the student, an exposition of 
the application of fatigue test results in 
bridge design, and a graphical exposition 
of the several formulas of Table 1. 

Further data and discussion pertinent 
to the fatigue strength of structural 
joints, and the application thereof to de¬ 
sign, will be found in the references 
shown in the bibliography at the end of 
this chapter. 

Highway Bridge Loadings 

Practically all Highway Bridge load¬ 
ings are now based on the II principle 
as adopted by the American Association 
of State Highway Officials and approved 
by the U. S. Public Roads Administra¬ 
tion. 

There are two general classifications of 
loadings, the II and the II-S with several 
subdivisions therein: 

H Loadings. —The II loadings are il¬ 
lustrated in Figs. 6 and 7. They consist 
of a two-axle truck or the corresponding 
lane loading. The II loadings are desig¬ 
nated II followed by a number indicating 
the gross weight in tons of the standard 
truck. 

H-S Loadings. —The II-S loadings are 
illustrated in Figs. 8 and 9. They con¬ 
sist of a tractor truck with semi-trailer 
or of the corresponding lane loading. The 
H-S loadings are designated by the letter 
II followed by a number indicating the 
gross weight in tons of the tractor truck 
and tlie letter .9 followed by the gross 
weight in tons of the single axle of 
the semi-trailer or of the correspond¬ 
ing lane loading. The variable axle spac¬ 
ing has been introduced in order that the 
spacing of axles may approximate more 
closely the tractor trailers now in use. 
The variable spacing also provides a 
more satisfactory loading for continuous 
spans, in that heavy axle loads may be 


a 

placed on adjoining spans to produce 
maximum negative moment. 

Classes of Loadings .—Highway load¬ 
ings are divided into five classes: H20, 
HIS, H10, H20-S16 and H15-S12. Load¬ 
ings H15 and H10 are 75 and 50 r /o, re¬ 
spectively, of loading 1120. Loading 
H1S-S12 is 75% of loading H20-S16. If 
loadings of weights other than those 
designated are desired, they can be ob¬ 
tained by proportionately changing the 
weights shown for both the standard 
truck and the corresponding lane loads. 

Minimum Loading. —For truck high¬ 
ways, or for other highways which carry 
heavy truck traffic, the minimum live load 
is the H1S-S12 loading. 

In explanation of the derivation of the 
lane loadings, the H lane loading ap¬ 
proximates the truck train loading in¬ 
cluded in the 1935 AASIIO Specifications. 
The II 15-SI2-44 lane loading approxi¬ 
mates the 1115 standard truck followed 
and preceded by 11 1 /4-ton trucks spaced 
30 ft. apart (between axles). The 
II20-S16-44 lane loading approximates 
the 1120 standard truck followed and pre¬ 
ceded by 15-ton trucks spaced 30 ft. apart 
(between axles). 

Traffic Lanes. —The lane loadings or 
standard trucks are assumed to occupy 
traffic lanes, each having a width of 10 
ft. corresponding to the standard truck 
clearance width. Within the curb-to- 
curb width of the roadway, the traffic 
lanes are assumed to occupy any position 
which will produce the maximum stress, 
but which will not involve overlapping of 
adjacent lanes, nor place the center of 
the lane less than 5 ft. from the roadway 
face of the curb. 

Standard Trucks and Lane Loads .— 
The wheel spacing, weight distribution, 
and clearance of the standard II and H-S 
trucks are shown in Figs. 6 and 8 and cor¬ 
responding lane loads are shown in Figs. 

7 and 9. 

Each lane loading consists of a uniform 
load per linear foot of traffic lane com¬ 
bined with a single concentrated load (or 
two concentrated loads in the case of con¬ 
tinuous spans) so placed on the span as 
to produce maximum stress. The con¬ 
centrated loads are considered as uni¬ 
formly distributed across the lane on a 
line normal to the center line of the lane. 
For the computation of moments and 
shears, different concentrated loads are 
used as indicated in Figs. 7 and 9. The 



TABLE 1—PERMISSIBLE UNIT STRESSES FOR WELDED 


Base Metal 

Loading Producing Maximum Stress . In Axially Stressed Members Spliced or 

End-Connected by Fillet or Plug Welds 



Form. 

In Railway Bridges In'Highway Bridges No 


Short Critical Load¬ 
ing (100 feet or 
less of loaded sin¬ 
gle track.) 



Longer Critical 

Loading. (More 
than 100 feet of 

loaded single track Short Critical Load- 


or any length of 


two 


or 


more 


tracks.) Use "A” 
loading if greater 
area is required 
thereby. 


ing. (Not more 
than two panels or 
60 feet of loaded 
single lane.) 



Longer Critical 

Loading. (More 
than two panels or 
60 feet of loaded 
single lane or not 
more than two 
panels or 60 feet 
of loaded two 
lanes.) Use “B” 
loading if greater 
area is required 
thereby. 


Loading in more 
than two panels or 
60 feet of two or 
more lanes 


Max. 

Stress 


Required 
Sectional Area 



Tension but > 


Max. — 2 /z Min 


7500 

^ Max./10,000 
_ Min. + t/s Min. 



Compression 


but 


Max. — */z Min 

7500 

Max. — Vs Min. 

P 

Max. 


Tension 


A = 


but 


Compression 


but 


Max. — 2 1 3 Min 

10,500 

Max. 

■* 14,000 

. Min. + x /s Min. 

» 

P 


Max. — 2 A Min. 
10,500 

Max. — l /s Min. 

» 

P 

Max. 



Tension 


A = 


but 


Max. - */ 3 Min 

15,000 

Max. 

’ 18,000 
Min. + Vs Min. 



Compression 


but 


Max. - V 3 Min. 
15,000 

• Max. - Vs Min 

P 

Max. 


Normal Unit Stresses 


A = Required Effective Area; p = allowable unit compressive stress as prescribed by 
the general specifications for the type of member involved: the capacity of a full ut 



































HIGHWAY AND RAILWAY BRIDGES 


Required Effective Weld Areas in All Members and Parts 


Form. 

No. 

Type 

of 

Weld 

Max. 

Stress 

Required 

Weld Area 

Form. 

No. 

Type 

of 

Weld 

M ax. 
Stress 

Required 

Weld Area 

7 

Butt 

Ten- 

sion 

Max. — VjMin. 

d — 

9 

Butt 

Shear 

j Max. — V 2 Min. 

9000 

, _ Max. 

but ^ - 

13,000 


8 

Butt 

Com¬ 

pres¬ 

sion 

j Max. — Min. 

18,000 I 

f _ Max. 

but ^ - 

P 

10 

Fillet or 
Plug 

Shear 

. __ Max. — Vt Min. 

7200 

, _ Max. 

but ^ - 

12,400 

11 

Butt 

Ten¬ 

sion 

Max. — V 2 Min. 
— - 

13 

Butt 

Shear 

j _ Max. — V 2 Min. 

15,000 

. Max. 

hut 

10,000 

, _ Max. 

18,000 

out > -- 

13,000 

12 

Butt 

Com¬ 

pres¬ 

sion 

1 Max. — 8 /io Min. 

14 

Fillet or 

Plug 

• 

Shear 

j _ Max. — V 2 Min. 

18,000 

Max. 
but 5 — 

P 

10,000 

, _ Max. 

but ^ - 

12,400 

15 

Butt 

Ten¬ 

sion 

Max. — V 2 Min. 

% 

17 

Butt 

Shear 

i _ Max. - >/ 2 Min. 

18,000 

Max. 

but ^- 

18,000 

12,000 

. _ Max. 

but 5 : - 

13,000 

16 

Butt 

Com¬ 

pres¬ 

sion 

Max. — V 2 Min. 

A . 

18 

Fillet or 
Plug 

Shear 

^ _ Max. — V 2 Min. 

18,000 

. Max. 

but ^ - 

P 

12,000 

, _ Max. 

but ^ - 

12,400 


Normal Unit Stresses. 


weld in compression being treated as identical with that of the connected material. 
Max.” and “Min.” refer to total stresses. “Max.” is the numerically greater stress. 
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Pig. 6.——Standard H Truck Loads 



BRIDGES 


1127 


lighter concentrated loads are used when 
the stresses are primarily bending stresses 
and the heavier concentrated loads are 
used when the stresses are primarily 
shearing stresses. 

Number and Position, Traffic Lane 
Units. —The number and position of 
loaded lanes, whether lane loading or 
truck loading, are such as to produce the 
maximum stresses and are subject to the 
following reductions: 


One or two lanes.None 

Three lanes.10% 

Four or more lanes.25% 


The cars are of one of the classes shown 
in Fig. 10. The class is designated by a 
numeral indicating the total loaded 
weight of each car. The uniform load 
per foot of track following or preceding 
electric cars should be the uniform load 
corresponding to the class of highway 
loading specified (640 lb. per linear ft. 
for H20 loading). The electric railway 
loading is assumed to occupy 10 ft. of the 
roadway width. 

For freight car loading, one of the 
classes of loading shown in Fig. 8 may be 
assumed in the absence of more exact 
data. 


16,000 FOR MOMENT 
U-CONCENTRATED LOADK...___ - 


UNIFORM LOAO 640-LBS. PER LINEAR FOOT OF LANE 




H 20 "44 LOADING 


CONCENTRATED LOAD 



3,300 FOR MOMENT 
9.500 FOR SHEAR 


UNIFORM LOAD 460 LBS. PER LINEAR FOOT OF LANE 



H 15 - 44 LOADING 


CONCENTRATED LOAD 




9,000 FOR MOMENT 
3.000 FOR SHEAR 


NIFORM LOAD 320-LBS. PER LINEAR FOOT OF LANE 



H 10 - 44 LOADING 

Fig. 7.—Standard H Lane Loadings 


Electric Railway Loading .—If high¬ 
way bridges carry electric railway (street 
car) traffic, the railway loading is deter¬ 
mined on the basis of the class of traffic 
which the bridge may be expected to 
carry. When not otherwise specified, the 
electric railway loading on each track is 
assumed to be a train of two electric cars 
followed by, or preceded by, or both fol¬ 
lowed and preceded by, a uniform load. 


Highway bridges carrying electric rail¬ 
way traffic are designed for the follow¬ 
ing loading conditions : 

(1) The highway loading on any 
portion of the roadway area, includ¬ 
ing that portion occupied by the rail¬ 
way. 

(2) The electric railway loading on 
the car tracks and the highway loading 
on the remaining traffic lanes. 
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W >COU»lN€0 WEIGHT ON THE FIRST TWO AXLES WHICH IS THE SAME AS FOR THE 


CORRESPONDING M TRUCK 

V - VARIABLE SPACING - 14 FEET TO JO FEET. INCLUSIVE. SPACING TO •€ 

USEO IS THAT WHICH PRODUCES MAXIMUM STRESSES. 


io'-0 # ClEARANCE & LANE WIDTH 



Fig. 8.—Standard H-S Truck Loads 

9 


Railroad Bridge Loadings 

The basic loading from which all rail¬ 
road bridge stresses are calculated is 
known as the Cooper’s E system. For 
many years, the E60 was used on most 
of the more prominent lines; this is 
basically two 213-ton locomotives and 
tenders followed by a uniform train load 
of 6000 lb. per foot. 

Figure 11 is a diagrammatic tabula¬ 
tion of the Moment Table for Coopers 
E60 Loading, and is explained as fol¬ 
lows : 


Line 1—Summation of loads from uni¬ 
form load ( R ). . 

Line 2—Summation of loads irom 

wheel No. 1 ( L ). £ 

Line 3—Number of each wheel from 

wheel No. 1. , , . , • 

Line 4 —Amount of each wheel load in 

thousand pounds. 

Line 5—Distance in feet, center to cen¬ 


ter of wheels. . thp 

,ine 6—Distance of any wheel, or tne 
u^a uniform load, from wheel 


No. 1. , , t 

L i ne 7—Distance of any wheel 

head of uniform load. 


from 
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Line 8—Summation of moments of all 
wheels to right of any wheel, includ¬ 
ing the wheel in question, about head 
of uniform load. 

Lines 9 to 25, inclusive—Summations 
of moments of all wheels to left of 
stepped line (including wheel on left 
of value) about the wheel just above 
the heavy vertical stepped line on 
each line. 

The values to the right of the stepped 
lines are moments about the stepped 
lines, including wheel to the right of 
moment value given. 

At the present time, and for some time 
past, the principal railroads of the U. S. 
have designed for what would be the 
equivalent of an E72 system of loading. 
To convert the tabulated moments, etc., 
for E60 loading it is only necessary to 
multiply them by 1.2. In all cases, linear 
distances remain the same. 


factor is still somewhat of a controver¬ 
sial question. Exhaustive studies and 
tests have been made with no complete 
unanimity of opinion resulting. 

The AREA produced the following 
formula which is in general use but by no 
means universal : 



in which 

/ = Impact factor 
d = Dead load per sq. ft. 

/ = Live load per sq. ft. 

K — Coefficient, conservatively figured 
as 1. 

WORKMANSHIP 

Fabrication and Erection Methods, 
and Procedures 

If the shop layout, organization and 


CONCEN7RAT E 


fie.000 FOR MOMENT 
0 LOAD A 

[26.000 FOR SHEAR 


UNIFORM LOAD 640 LBS PER LINEAR FOOT OF LANE 



H 20-S16 - 4 4 LOADING 


CONCE NT RATE 


fl 3.50 0 FOR MO MF N T 
D LOAD ■< 

|l 9 S00 FOR SHF A R 


y ^-UNIFORM LOAD 460 LBS PER LINEAR FOOT OF LANE 



H I 5 * SI 2 " 4 4 LOADING 


Fig. 9.—Standard H-S Lane Loadings 


It is frequently necessary to determine 
moments and shears for loadings less than 
h60. For this it is only necessary to 
multiply the tabulated values by the pro¬ 
portion that the load in question bears to 
E60. Thus 

For E50 loading multiply by 0.833. 

For E40 loading multiply by 0.667. 

hor E30 loading multiply by 0.500. 

hor E25 loading multiply by 0.416. 

Impact .—In railroad bridge design, as 
in highway bridge design, the impact 


handling facilities will permit, it is often 
expedient to bring raw material from 
storage, cut it to length and shape and 
otherwise prepare it for welding, at the 
same general location where the welding 
is to be done. Alternatively, especially 
when jigs and fixtures are used for fit¬ 
ting and welding, the material is shape 
cut or otherwise prepared in a nearby 
location and then moved only once to the 
fitting and welding location. Usually 
material flows through a welding fabrica¬ 
tion shop in a different manner than 
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through a riveting shop. Less handling Sometimes, for example in the fabrica- 
is required and the material remains tion of trusses, fixtures are provided only- 
longer in one location. for fitting and tack welding, especially 

To avoid the extra handling and extra when the design is such that no difficul- 
operations required for punching erection ties are to be anticipated from distortion 

bolt holes, such holes should be elimi- during the subsequent welding with the 

nated wherever practical and in any event parts not restrained in a fixture, 
should be held to a minimum. Where When the use of positioning devices is 
only a very few holes are to be provided practical and economical, they have the 

in a comparatively heavy piece of mate- additional advantage of providing for the 
rial, such holes can be made by piercing welding to be done in such a position 

with an oxygen-cutting torch and round- that it can be executed most easily, thus 

ing out while still hot by driving a facilitating good workmanship, 
tapered pin in the hole. Most of the fabricators undertaking 



Electric railway loading 



total loaded height per car including «o percent overload 

AO TON CAPACITY - 132.000 LBS- 
70 TON c APAC ITT -2 • 2.000 LBS. 

Fig. 10.—Standard Electric Railway Loading 

When a considerable amount of du- welded bridge construction now have a 
plication of work is involved, it is not sufficient background of experience to e 

only more economical to use jigs or fix- termine the proper welding sequences or 

tures for fitting and welding, but this use in fabricating such parts as wel e 

practice facilitates accuracy and helps to girders, to prevent distortion, loss 

insure proper fit-up during erection. specified camber, etc. The fundamen 
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factors involved in choosing such se¬ 
quences are discussed in other chapters 
of this Handbook. 

The erection of welded bridges pro¬ 
ceeds in very much the same manner as 
for riveted bridges. The general trend in 
all steel bridge construction toward pre¬ 
fabrication and subassembly of larger 
sections of girders and trusses is par¬ 
ticularly applicable to welded construc¬ 
tion. 

To avoid excessive and uneconomical 
use of erection bolts, it is sometimes ex¬ 
pedient to follow along with the field 
welding more closely behind the erection 
and fitting of members than in the case 
of riveted construction. 

In the case of comparatively long 
superstructures, especially where trans¬ 
verse joists and substringers or metal 
grating floors are used, it is of great 
importance to plan tlie field welding se¬ 
quence so as to minimize the accumula¬ 
tion of shrinkage in lines of continuous 
members, which may cause lateral bend¬ 
ing of floor beams or buckling of other 
longitudinal members by an accumulation 
of shrinkage distortions or loss of dimen¬ 
sion. 

Provisions for shop and field painting 
have an important bearing upon the 
economy of welded bridge construction 
and under some circumstances they can 
exert an influence upon the quality of 
workmanship. The best practice is to 
omit all painting in the shop and apply 
the primer coat of paint, as well as the 
subsequent coats of field paint, after all 
of the welding has been done during 
erection. This practice has been looked 
upon with favor in recent years by bridge 
engineers for riveted structures as well 
as welded structures. Prior to the paint¬ 
ing in the field, the surfaces of the steel 
are often conditioned by sandblasting or 
flame cleaning and dehydrating, to assure 
the tight adherence of the paint to the 
metal. 

1 Experience during the war as well as 
the results of recent tests indicate that 
if excessive thicknesses of paint film are 
avoided for the primer coat of paint, 
it is possible to carry out sound welding 
on painted surfaces. If this practice is 
followed, the field inspector should make 
sure that any excess paint is removed 
before welding is started. A more de¬ 
tailed discussion of painting will be found 
in Chapter 47—Buildings. 


Basic Imperative Welding Require¬ 
ments 

The workmanship clauses of the AWS 
Bridge Specifications establish the es¬ 
sentials of a prequalified welding pro¬ 
cedure that has been tried and proved 
through long experience as well as re¬ 
search. Details of technique which are 
not covered by these provisions, are 
deemed to be matters properly left to be 
determined by the practices of the in¬ 
dividual fabricator, in the same way that 
minor details are cared for in specifica¬ 
tions for riveted fabrication. 

Acceptable contours of welds are 
shown in the specifications. Where con¬ 
cave fillet welds are used, it is important 
that operators themselves check the weld 
size occasionally to guard against under¬ 
sized welds. However, most of the fillet 
welds involved in bridge construction are 
of the slightly convex or flat-face type, 
for which the usual tendency is to make 
oversized welds. In the visual inspection 
of work during its execution, special at¬ 
tention should be given to butt welds at 
critical locations. An inspection of the 
groove for proper preparation and fit-up 
in advance of the welding, and an in¬ 
spection of root passes and the back 
chipping or gouging of them to remove 
slag and imperfections down to sound 
metal before welding from the opposite 
side, are usually sufficient to insure the 
making of sound butt welds. The ends 
of important butt welds at the edges of 
material should be given special attention. 

Engineers who are accustomed only to 
riveted construction are sometimes sur¬ 
prised to find that a more extensive appli¬ 
cation of corrective measures is permit¬ 
ted by specifications for welded struc¬ 
tures. The engineer in charge of in¬ 
spection must necessarily take measures 
to maintain the standards of workman¬ 
ship in general, and there is a liniit to 
the amount of correction work which it 
is advisable to permit in lieu of rejecting 
a part or member and requiring replace¬ 
ment. However, there are many cir¬ 
cumstances under which quite extensive 
corrections may be permitted wit ou 
jeopardizing the strength or structura 
value of a member or frame in any way, 
provided that the execution of the correc¬ 
tions is properly planned and controlled, 
and suitable procedures are used. This is 
possible because the welding process is 
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a more flexible and versatile one, 
whereby materials can be joined to¬ 
gether intimately to develop their full 
strength and cross-sectional area, without 
creating the appearance of being patched. 

Suitable methods of correction for use 
in welded bridge construction are des¬ 
cribed in the Specifications of the 
American Welding Society and in 
other parts of this Handbook. 

INSPECTION 

General 

One of the principal duties of an engi¬ 
neer or inspector in charge of welded 
construction is to make sure that com¬ 
petent and sufficient supervision and an 

* • 

adequate system of control are provided. 


for example, has forcibly emphasized the 
importance of adequate control and 
supervision of all construction operations, 
including layout, preparation of material, 
and fitting, as well as the actual welding. 

Methods o£ Inspection 

Non-destructive testing has never been 
found to be practical in connection with 
any American methods of bridge con¬ 
struction. In the case of welding, as with 
other methods, reliability is predicated 
upon the establishing of suitable construc¬ 
tion and welding procedures, the qualifi¬ 
cation of operators, adherence to the pro- 
\ isions of the established procedures and 
to the general workmanship requirements 
of the specifications. The suitability of 
welding procedures is established by de¬ 
termining that they conform to standard 



Fig. 12.—Welded Two-Span Continuous Rigid Frame Highway Bridge 


The general trend during recent years 
in construction practices has been to 
recognize in contract provisions that good 
workmanship depends largely upon ade¬ 
quate construction organization, facilities 
and supervision on the part of the con¬ 
structor. To this end, some of the State 
Highway Bridge Departments have re¬ 
quired that contractors be prequalified 
with respect to their background of ex¬ 
perience, their facilities and personnel, 
and their ability to properly supervise the 
work. A notable example, with particu¬ 
lar respect to welding, is the require¬ 
ments for prequalification of welding fab¬ 
ricators, which has been recently adopted 
by the Canadian Bureau of Welding, 
operating under Dominion sponsorship. 
American experience during the recent 
war production program in shipbuilding, 


practices as outlined in the specifications. 
* • 

or by the special qualification of any 
new or non-standard procedures. A good 
quality of workmanship and sound con¬ 
struction, in general, are accomplished by 
adequate supervision and inspection over 
the various operations of fabrication and 
erection in order that the essential re¬ 
quirements be met. When procedures 
are proposed which depart from the 
standard requirements of the Bridge 
Specifications of the American Welding 
Society, these specifications provide that 
such newer procedures must be qualified 
by methods outlined in the appendix of 
the specifications, which conform to the 
requirements of the American Welding 
Society's Tentative Standard Qualifica¬ 
tion Procedure. 

The inspection of welded structural 





1134 


APPLICATIONS 


joints by non-destructive testing is not 
economically practicable for bridges and 
is not deemed necessary. 

If it is desired to supplement visual 
inspection with the occasional use of 
some method for random or spot checking 
of welds (perhaps especially for impor¬ 
tant butt welds in quite heavy materials), 
several methods are available such as ra¬ 
diography by means of X-rays or gamma- 
rays, magnetic powder testing, and prob¬ 
ing or trepanning, which methods are 
described in Chapter 42. The random 
use of such methods should be deemed 
a part of the general system of control 
over the construction, rather than a proof 
testing method. Experience has indi¬ 
cated that the most important benefit to 
be derived from the use of such methods 
is the psychological effect upon the 
welder in demonstrating to him the 
effectiveness of the procedure and tech¬ 
nique being used. 


Requirements of Shop and Field In¬ 
spector 

The general qualifications and duties 
of an inspector of welded construction 
are no different from those for other 
types of construction. It is not neces¬ 
sary that such an inspector be a skilled 
welder, but it is essential that he be 
familiar with the practical aspects of 
welding as well as its technical aspects. 
Enough experience in actual welding to 
appreciate thoroughly the techniques that 
are employed will be of great assistance 
to the inspector. 

The engineering inspector on welded 
construction should, of course, perform 
the same duties as required for other 
classes of steel construction to determine 
that all materials are acceptable, dimen¬ 
sions are correct and the fit-up at joints 
is good. He must satisfy himself that 
the work has been planned in advance and 



Spans include two anchors span, two cantilever arms, and one suspended span. 

Fig. 13.—Five-Span Welded Highway Bridge 


Probing^ trepanning, chipping or goug¬ 
ing to reveal possible defects of welding 
should not be used indiscriminately by 
the inspector. He should have good 
reason to suspect the presence of serious 
defects before requiring the use of such 
methods to any marked extent. Such 
probing methods, if used, should be 
carried out so as to leave the material 
in a suitable condition for preparation 
for rewelding with a reliable technique 
and procedure. 


is properly organized under competent 
supervision to follow an established P ro 
cedure and sequence of fabrication an 
welding. He must ascertain that the 
welders have all been properly qualihea 
for the work they are to do, and he must 
check on each welder to see that ne 

understands the established procedure and 

is following it; also to make sure a 
he is in good physical condition. 

Continuous inspection of every opera¬ 
tor is not necessary; occasional obsei- 
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vation, together with a careful check-up 
on finished welds, has been found ade¬ 
quate, if previous duties as outlined above 
have been exercised. 


the groove from that on which the first 
pass was made, and to see that other 
provisions of the welding procedure are 
strictly followed. It is usually more 



Fig. 14.—Single-Span Welded Highway Girder Bridge 


The welding inspector should see that 
none of the welds specified on the design 
drawings arc omitted. The finished welds 
should be checked for agreement with the 
plans and specifications, as to size, 
arrangement, surface contour or con¬ 
vexity, and absence of defects such as 
cracks, undercutting, overlapping, objec¬ 
tionable irregularities, unfilled craters, 
pock-marks and other defects. The in¬ 
spector should discourage the use of over¬ 
size fillet welds. Excess welding over 
that shown on the plans as required for 
strength or to meet other minimum speci¬ 
fication requirements, under some circum¬ 
stances can be detrimental, and in any 
event the excess welding constitutes a 
needless waste of material and labor. 
In the case of highly important butt 
welds, especially those subjected to ten¬ 
sion, particular attention should be given 
by the inspector to the checking up of 
groove dimensions and spacing, prior to 
welding. Under some circumstances, con 
tinuous inspection of the welding of such 
joints may be necessary, to make sure 
that the slag is carefully removed be¬ 
tween deposition of layers, that the maxi¬ 
mum allowable thickness of layer is not 
exceeded, that the root is thoroughly 
cleaned and chipped or gouged out before 
welding is started on the opposite side of 


conducive to good workmanship if the 
work is laid out and fitted by other work¬ 
men in advance of the welding, so that the 
welder may concentrate on the welding 
operations and proceed systematically 
with them. 

The duties of the welding inspector may 
be outlined as follows: 

1 . Electrodes 

(a) To determine that the elec¬ 
trodes used are of such classifications 
as conform to the requirements of the 
specifications, and that they have not 
been damaged by rough handling or 
improper storage. 

(b) To determine that the elec 
trodes employed for each position of 
welding, kind of current and other 
conditions of use are of a suitable 
classification. 

(See applicable AWS-ASTM Speci¬ 
fications. ) 

2 . Welding Procedures and Sequence, 
Supervision, and Welders 

(a) To determine that the welding 
procedures proposed for use are stand¬ 
ard prequalified procedures, or other¬ 
wise that they have been qualified 
properly by the prescribed tests. 

( b ) To determine that the welding 
sequence to be used, together with 
the proposed procedure, is capable of 
producing sound welded joints with¬ 
out excessive restraint against weld 
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Table 2—Welded Bridges 

A. Constructed 
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contraction. This is of particular 
significance in the fabrication of heavy 
girders and trusses and in making 
field splices in them; also in any case 
where extensive areas of plating arc 
involved, as in battledeck or other 
types of metal floor construction, or 
in the case of a structure with rela¬ 
tively long lines of continuous fram¬ 
ing, where shrinkage might be cumu¬ 
lative if suitable provisions are not 
made to prevent it. 

(c) To determine that an adequate 
system of control and supervision of 
the welding and all related operations 
has been set up, including the prepa¬ 
ration of material and the fitting. 

( d ) To determine that all the weld¬ 
ing operators to be employed upon the 
work have been properly qualified by 
a responsible bureau or agency. 

( e ) To determine that the welding 
equipment to be used is of a suitable 
type and in good operating condition. 

3. Preparation of Material and Fitting 
for Welding 

(a) To determine that the edge- 
preparation of material at welded 
joints is done with sufficient accuracy, 
and that the material has not been 
kinked or buckled in handling in such 
a way as to prevent proper fitting. 

( b ) To determine that the fitting is 
done within suitable tolerances so that 
sound welds can be made without 
difficulty. 


4. Execution of the Welding 

(a) To determine, in general, that 
the procedure of welding as carried 
out conforms to that which has been 
established as qualified. 

( b) To observe occasionally the 
work of each welding operator to 
determine that he understands the pro¬ 
cedure to be followed, and to check 
his ability, especially in the case of his 
having been out of employment at 
welding for a period of time. 

5. Inspection of Finished Welding 

(a) To examine every welded joint 
for compliance with the working 
drawings with respect to sizes, lengths 
and locations of welds, and to see that 
no welds have been omitted. 

b) To examine the welding for 
compliance with standards of work¬ 
manship with respect to convexity or 
concavity of weld surface, surface de¬ 
fects, craters, undercutting, overlapped 
edges of welds, cracks, etc. 

(r) To require corrective measures 
to be taken wherever necessary, in 
compliance with the methods pre¬ 
scribed by the specifications. 

A few typical examples of welded 
bridges erected by the Connecticut State 
Highway Department are listed in Table 
2 and illustrated in Figs. 12, 13 and 14. 
A more complete list is available from 
the American Welding Society on re¬ 
quest. 
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CHAPTER 49 


MACHINERY CONSTRUCTION* 


The term machinery here is taken to 
mean industrial and agricultural machin¬ 
ery and equipment that is not obviously a 
container or a pressure vessel. 

In view of the fact that there are 
several times as many industrial estab¬ 
lishments making weldments as there are 
foundries making castings, the old argu¬ 
ments about casting vs. weldments may 
be accepted merely as history. 

The economics of weldments for ma¬ 
chinery and equipment involve many 
factors in the overall cost of manufac¬ 
ture. The first consideration is the equip¬ 
ment available for their manufacture. In 
large-scale operations, the design may be 
made without reference to equipment on 
the assumption that whatever is necessary 
will be provided. Economically correct 
design may be produced under these con¬ 
ditions. In smaller scale operations, de¬ 
sign must fit the equipment available. 
Thus a weldment which can be designed 
so that long run automatic arc welds may 
be made on a positioner first on one side 
and then on the other side of the neutral 
axis in bending may have a welding cost 
of less than one quarter the welding cost 
of one designed for many short run man¬ 
ual welds. In case the weldment is 
warped beyond machining tolerances, 
straightening is expensive. Where the 
structure cannot be straightened and low 
areas must be built up, the operation is 
still more expensive. 

MANAGEMENT OF PRODUCTION 

OF WELDMENTS 

Management of production of weld¬ 
ments is like any other management of 
production in that it involves application 
of tools and equipment by men to ac¬ 
complish a predetermined result. Further, 
the key to success is in the accurate 

•Prepared by Robt. E. Kinkead, Consulting 
Welding Engineer. 


achievement record which must be kept. 
Man hours per unit is the most impor¬ 
tant factor for management to control and 
steadily achieve reduction in cost. On re¬ 
peat work this is accomplished by varia¬ 
tion of such factors as material handling, 
methods of cutting and forming, amount 
of heat used for welding, necessary re¬ 
pairs, furnace treatment, etc. Justifica¬ 
tion of management above the level of 
group leader is found in control of costs 
and their continual reduction in man 
hours per unit. 

In jobbing production where most jobs 
are different, the plotting of an achieve¬ 
ment curve is far more difficult than in 
the case of manufacturing work. Under 
these conditions, the individual who 
makes the estimate should estimate the 
time in man hours for each operation. 
Management should then make a record 
of the actual time for each operation, to 
plot with the estimate. This will serve 
as an achievement record for both man¬ 
agement and estimating personnel. 

No very satisfactory piecework incen¬ 
tive system has been worked out for the 
production of weldments except where a 
considerable number of identical opera¬ 
tions may be completed during one shift. 
Where the operation spans several shifts 
and different operators work on it, such 
systems become too involved to pay their 

own way and show a profit. 

Skilful use of backlogs between opera¬ 
tions, in the production of weldments, 
will generally improve man-hour produc¬ 
tion in jobbing work. By such means 
men are kept doing the same things, a - 
ways with work ahead to be done. Where 
there are no backlogs, experience shows 
that men frequently run out of work in 
their department and have to be shitted. 

materials 

A great variety of materials is avail- 


1138 



MACHINERY CONSTRUCTION 


1139 


able for use in welding construction, such 
as billets, slabs, structural shapes, plates, 
bars of all descriptions, pipe, forgings, 
special rolled sections and steel castings. 
There is a great difference in the price 
per pound of these materials and certain 
facts regarding their surface, size, cutting 
tolerance, etc., have an important bearing 
on their use. Therefore, it is not only im¬ 
portant for the designer to consider rolled 
steel sections but also to consider such 
sections in sizes and shapes that will take 
the base price or as few extras as pos¬ 
sible. 

Steel companies publish pamphlets 
listing extras and deductions, quantity 
differentials, and standard tolerances in 
thickness, width and length for various 
rolled steel products. Variations from 
true flatness are also published and extras 
for special flatness are quoted on applica¬ 
tion. It is essential that the designer be 
familiar with these data in order that he 
may use the cheapest possible material 
and still get the proper steel for the pur¬ 
pose. 

When using plates for machine con¬ 
struction there are a few things in par¬ 
ticular the designer should keep in mind. 
Up to and including 2 in. in thickness, 
plates are sheared and there is no charge 
for cutting. Plates over 2 in. in thick¬ 
ness are oxygen cut for which a charge 
is made, according to thickness. How¬ 
ever, because of possible shear warp oxy¬ 
gen cutting is recommended where pos¬ 
sible. 

The universal mill rolls plates to exact 
width, within usual mill tolerances (rolls 
-teel in one direction only), consequently 
on plates over 2 in. in thickness the cus¬ 
tomer is charged for only two oxygen 
cuts (such plates are obtainable in widths 
up to about 60 in.). Plate mills roll steel 
in both directions and in much wider 
widths but the customer is charged for 
four cuts on plates over 2 in. in thickness. 

When purchasing steel it is often un¬ 
economical to order individual items cut 
to size. When two rectangular pieces of 
the same width are ordered as separate 
items, and they are made on a universal 
mill, the customer pays for four cuts 
across the width of the piece. If the two 
plates are combined and ordered as one 
piece, however, the customer pays for 
only two cuts across the width of the 
piece, the third cut being made in the cus¬ 
tomer's shop. 


Plates which are not rectangular in 
shape are called sketches and take a per 
pound extra based upon the number and 
shape of the cuts required. 

The designer should also bear in mind 
that oxygen-cutting tolerances on a 3-in. 
plate is plus 6 / 8 inch. This tolerance is 
often not small enough for the user and 
extra cost is involved in additional cut¬ 
ting or machining by the purchaser be¬ 
fore the plate can be used. 

There are many opportunities to use 
semi-finished material such as billets, 
blooms or slabs in machine construction. 
Billets have rounded corners which might 
prevent them from being used for some 
purposes, but for many others they will 
serve very well and the finish will not 
be objectionable. 

The surface of slabs is not suitable for 
machine construction unless the part is 
to be machined or is in an inconspicuous 
place, for slabs usually contain roll rag¬ 
ging marks. 

Straightness must also be considered in 
semi-finished material if the pieces are in 
long lengths because this material is pri¬ 
marily intended for re-rolling and is not 
required to be straight. Semi-finished 
material is low in price, and where it 
will serve the purpose, its use presents an 
opportunity for reducing the material 
cost. 

Types of Materials Suitable 

There arc many grades and types of 
steel and nonferrous metals that can be 
satisfactorily used in the construction of 
welded machinery. 

The major portion of all-welded ma¬ 
chinery is fabricated from materials con¬ 
taining less than 0.30% carbon. Material 
of this grade has satisfactory physical 
properties and is readily welded and flame 
cut. 

Many special low-alloy steels are also 
available which have welding properties 
comparable to the plain low-carbon steels. 
These alloys have higher tensile and yield 
strength than plain low-carbon steels and 
generally have somewhat better corrosion- 
resisting properties. It is important to 
remember, however, that the modulus of 
elasticity of all steels is approximately 
the same, consequently where deflection 
requirements are the design criteria, the 
higher strengths of the more expensive 
low-alloy steels are of little importance. 



1140 


APPLICATIONS 


Many high-alloy and medium-carbon 
steels are being incorporated in machin¬ 
ery designs with excellent success. 
Knowledge of the weldability of such 
materials is essential, however, in order 
to properly design the joints and to satis¬ 
factorily fabricate the structure. Figure 
1 illustrates a gear (V 2 diametral pitch, 
10-in. face, 32-in. P.D.) fabricated by 
welding an SAE 4140 forged rim to a 
mild steel plate and hub. The parts were 
preheated with a gasoline torch to 600 °F. 
before the rim was welded and after 
welding was begun it was continued to 
completion without interruption. This 
gear is operating successfully and delivers 
over 17,000,000 in.-lb. torque. 


before welding which would require only 
two welds. In some cases three corners 
could be bent, thereby requiring only one 
weld. Special channels are also more 
economically made by bending a plate 
than by welding three plates together. 
Box sections can be made from such 
channels by welding closing flanges to 
them. 

Formed sections of this type not only 
afford economies by reducing the amount 
of welding but also produce rounded cor¬ 
ners which in some cases are still con¬ 
sidered essential for good appearance. 

Use o£ Structural Shapes 

Structural shapes have a definite field 



Fig. 1.—Gear Fabricated by Welding 


Nonferrous materials such as nickel, 
Monel, bronze, etc., are also incorporated 
into machinery designs. Problems of ex¬ 
pansion and welding technique are of par¬ 
ticular importance in such structures. 
See individual Chapters on these mate¬ 
rials for further information. 

Use o£ Plates 

The general use of plates for machin¬ 
ery parts needs no comment. One point 
the designer should always keep in mind, 
however, is the economy obtained by 
forming plates around corners in order to 
eliminate welding. For example, a rec¬ 
tangular section made by welding four 
plates together requires four separate 
welds. The same result might be ob¬ 
tained by bending two plates into angles 


in machinery construction and should be 
used to the fullest extent. In many cases 
their use appears to be limited probably 
because the designers have not yet learned 
to think in terms of rolled shapes as much 
as they should or because they are not 
familiar enough with the variety of 
shapes available. In many welded struc¬ 
tures, sections that can be obtained as 
rolled shapes have been built up of welded 
plates. This means considerable flame 
cutting and welding, whereas many of the 
rolled sections can be purchased at about 
the same price per pound as the plate. 

Generally speaking, a rolled section is 
cheapest, a formed section made by bend¬ 
ing plates is next, and a welded section is 
the highest priced. For example, a rolle< 
channel is cheaper than one formed b> 
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bending a plate into a channel, and a bent 
or formed channel is cheaper than one 
welded from three plates. A rolled 
I-beam is also cheaper than one formed 
by welding three plates. 

Box sections which are excellent for 
resisting stresses of a complex nature are 
readily fabricated from pairs of angles or 
channels. The wide range of size of 
structural members available makes it 
unnecessary to use formed plate sections 
except for large size parts. 

Use o£ Pipe and Tubes 

One of the most efficient sections avail¬ 
able to the welding designer is the pipe 
or tube. A tubular member has the same 


Use of Steel Castings 

The combined use of steel castings and 
rolled sections has proved economical in 
certain cases. Complicated sections which 
would require a number of parts and a 
large amount of welding are often more 
economically made by casting. This is 
l>fcrticularly true if there are a great many 
sections to be made. 

Another case where the use of castings 
has been advantageous is in the construc¬ 
tion of large bosses and bearing blocks 
for gear cases which otherwise would 
have had to be cut from large blocks. 
Figure 3 illustrates a fabricated gear case 
containing cast steel hearing blocks. 
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Fig. 2.—Rotating Bending Machine Fabricated by Welding 


resistance to stress in all directions be¬ 
cause of the central location of its neutral 
axis. For resistance to torque, nothing 
compares dollar for dollar with a tubular 
section and it may be easily joined to any 
surface shape by welding. 

An example of the use of tubular sec¬ 
tions is the eccentrically loaded mandrel 
extension unit and frame of a rotary 
bending machine built to bend 12 to 17 in. 
O.D. pipe, as illustrated in Fig. 2. It is 
estimated that the use of tubing rather 
than box or H-beam sections for this 
structure reduced the weight 22,000- 
27,000 lb. and 168-198 labor man-hours. 


DESIGN DETAILS 

The service life of any welded machine 
is dependent upon the proper design of 
the various members and the joints be¬ 
tween the members. From a welding 
viewpoint, the joints are the important 
factor, consequently it is important that 
the designer be familar with characteris¬ 
tics peculiar to the different types of 
joints used. 

Stress Analysis of Joints 

Two general types of welds are used in 
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Fig. 3.—Fabricated Gear Case Containing Cast Steel Bearing Blocks 


making strength joints on machinery— 
groove welds and fillet welds. 

Tensile and shear stresses for groove 
welds are usually calculated by dividing 
the force by the cross-sectional area 
of the weld. Maximum bending stresses 
are calculated by dividing the bending 
moment by the section modulus of the 
weld. W hen a combination of tensile, 
shear or bending stresses is present, they 
all must be taken into consideration in 
the usual manner. 

Fillet welds are generally considered 
to be stressed in shear regardless of 
whether the load is applied parallel or 
transverse to the weld axis and the stress 
is calculated by dividing the force by the 
weld throat area (weld throat =r 0.707 
X weld size). If a fillet weld is sub¬ 
jected to a combination of shear and ten¬ 
sile stresses acting at right angles to 
each other the resultant stress may be 
considered the vector sum of the two 
stresses (Fig. 4). 

Stress Concentrations 

Local discontinuities and abrupt changes 
in the section of a member cause a local 
bunching of the stresses (stress concen¬ 
tration! at these points and are usuallv 


known as stress raisers. The importance 
of stress raisers and the resulting stress 
concentrations are dependent upon the 
ductility of the material and the type of 
loading. 

Stress concentrations in ductile materi¬ 
als subjected to static loads are generally 
not serious because the metal can yield or 
flow plastically to neutralize or redis¬ 
tribute the stress. Brittle materials will 
not flow plastically, consequently there is 
no redistribution of stress and there is 
danger of failure occurring at points of 
stress concentration. 



Stress concentrations in members sub¬ 
jected to fatigue loading may produce 
failures and should be avoided or prop¬ 
erly taken into consideration when calcu¬ 
lating the size of the member. 
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A fatigue failure in a machine is gov¬ 
erned by two factors: the ability of the 
material itself to withstand repeated 
stresses and the existence of points at 
which the stress exceeds the endurance 
limit of the material. Stress raisers re¬ 
sulting from sharp corners, fillets, notches, 
holes, etc., may produce stress concentra¬ 
tion factors many times the average stress 
and unless these peak values are held be¬ 
low the endurance limit ultimate failure 
in service will result. 

In order to prevent fatigue failures 
from stress concentration, two methods 
may be used : 

1. Eliminate as nearly as possible the 
stress raisers or causes of the stress 
concentration. 

2. Design the member so that the 
maximum stresses obtained at the 
points of stress concentration do not 
exceed the endurance limit. 

Welded joints, because of their char¬ 
acter and shape, are often stress raisers. 
A small hole in a plate will produce a 
theoretical stress concentration of 3 to 
1 and a small gas-hole or slag inclusion 
is not uncommon in welds. Sharp cor¬ 
ners and notches are well-known stress 
raisers and are obtained with groove 
welds having incomplete penetration at 
the heel and toe of a fillet weld, and at 
points of undercut or reinforcement. 

Welded joints on machinery subjected 
to dynamic loads should be designed witli 
these factors in mind. Stress raisers re¬ 
sulting from the weld’s shape should be 
eliminated as much as possible and high- 
quality welding should be used. 

Residual Stresses 

The process of welding is known to 
produce residual stresses which may 
reach in magnitude the yield strength of 
the material. If the structure is loaded 
in the same direction as the residual 
stresses, their combination may result in 
plastic yielding and the actual stresses 
may greatly exceed the design working 
stresses. 

Residual stresses are also known to 
cause a structure to warp and twist out 
of shape during machining because of 
their redistribution as the outer layers of 
metal are removed. Instances are known 
where residual stresses have caused struc¬ 
tures to creep badly out of shape over a 
period of several years in service. 


Stress relieving by heat treatment will 
practically remove residual stresses and 
prevent the above-mentioned difficulties. 
(See Chapter 43.) The value of and 
need for the relief of welding stresses is 
open to question but experience indicates 
that it is advantageous under certain con¬ 
ditions, such as: (1) structures subjected 
to dynamic loads, (2) structures which 
must accurately maintain their shape dur¬ 
ing their service life, (3) structures com¬ 
posed of heavy members and rigid joints 
which probably contain high residual 
stresses. 

Tolerances for Machining 

The process of welding is accompanied 
by a certain amount of shrinkage and dis¬ 
tortion. In addition, rolled sections, 
plates, castings and formed parts are sup¬ 
plied with certain tolerances. In order 
that the finished product may meet the re¬ 
quired dimensions it is essential that all 
of the above factors be taken into con¬ 
sideration. 

Tolerances on rolled sections and 
formed parts are easily obtainable but it 
is impossible to give exact values to be 
allowed for distortion. The distortion 
obtained during welding is a function of 
the joint design, the amount of welding, 
the welding process, the position of weld¬ 
ing, the fit-up of the parts and the use of 
fixtures, clamps, etc. 

Tolerances on parts that are to be ma¬ 
chined, based on many years of expe¬ 
rience with fabricated machinery, are as 
follows : 

1. Small parts containing very little 
welding— 1 / 8 in. 

2. Moderately large parts containing 
a small amount of welding—■ 1 / 4 in. 

3. Large structures containing mod¬ 
erate amounts of welding— 3 / 8 in. 

4. Large complicated structures and 
structures containing large amounts of 
welding— 3 /« to Vs in. 

FABRICATION PROBLEMS 

'1 he economic advantages obtained 
from a welded structure are partly de¬ 
pendent upon the cost of fabrication. It 
is important, therefore, that considerable 
effort be spent in simplifying the manu¬ 
facturing process, insuring that the weld¬ 
ing is done properly and in eliminating 
unnecessary fit-up time and objectionable 
distortion. 
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Distortion 

The importance of distortion depends 
largely upon the part being fabricated. 
In any case it is objectionable and often 
results in an undesirable straightening ex¬ 
pense. The design and fabrication proc¬ 
ess should be worked out to reduce this 
trouble to a minimum. 

The fact that distortion is the result of 
welding indicates that the amount of 
welding used should be held to the mini¬ 
mum that is consistent with the loads car¬ 
ried. 

Excessive welding on one side of the 
neutral axis of a member will also pro¬ 
duce undesirable distortion. Balancing 
the welding as well as possible is often 
desirable. 

Properly tack welding the parts to¬ 
gether or holding the assembly in place 
by clamps or fixtures will be helpful in 
maintaining the proper shape of the struc¬ 
ture. 

Poor fit-ups tend to produce excessive 
distortion. 

In many cases distortion is compen¬ 
sated for by preforming the parts out of 
shape and permitting the deformation 
caused by welding to pull the structure 
back into the desired shape. Assembling 
the parts slightly oversize and permitting 
them to shrink to the desired size is often 
advantageous. 

Use of Welding Fixtures 

The use of welding fixtures to aid in 
the fabrication of welded machinery has 
many advantages. In general such fix¬ 
tures are used for the following purposes : 

1. Locate parts during assembly. 

2. Hold parts in alignment during 

tacking and welding, thereby reducing 

distortion. 

3. Position the structure to facilitate 

welding in any desired position. 

Fixtures that are used primarily to 
prevent distortion must be more rigid 
than the structure itself, otherwise the 
fixture will distort and the desired result 
will not be obtained. To eliminate dis¬ 
tortion of the structure when it is re¬ 
moved from the fixture the practice of 
slress relieving by heating the combined 
assembly before separation is sometimes 
used. 

r reheating 

Preheating machinery parts before 


welding is seldom done, except in special 
cases. 

Parts made from special steels that will 
harden during welding should be pre¬ 
heated to insure sound welds and to re¬ 
duce hard areas at the fusion line which 
might develop cracks or produce machin¬ 
ing difficulties. 

Structures made from heavy members 
are often preheated, even though the car¬ 
bon content is low, because this treatment 
helps prevent weld cracks and aids in re¬ 
ducing distortion. 

Fit-up Tolerances 

Proper fit-up of all parts is essential in 
a structure. Wide gaps and poorly fitting 
members generally produce excessive 
distortion and require the deposition of 
excessive amounts of weld metal in order 
to make welds of the proper strength. 

Fillet welded T-joints should be as¬ 
sembled so that metal-to-metal contact 
is obtained if possible. Except for de¬ 
signs requiring machining or some other 
specific means of insuring metal-to-metal 
contact or a very small reasonable gap a 
maximum tolerance of 1 2 3 / 32 in. is often al¬ 
lowed for processing reasons. In special 
cases gaps up to one-half the thickness 
of the thinner member but not exceeding 
/io in. are allowed, provided means are 
taken to insure that the weld joint is 
equivalent in strength to that required by 
the design. 

Fillet welded lap joints should have 
metal-to-metal contact if possible and the 
gap should not exceed Vs in. unless the 
weld size is increased to compensate for 
this gap. 

Corner joints should be assembled so 
that the gap between the butting corners 
does not exceed one-half the thickness of 
the thinner plates but in no case more 
than V 8 in. 

Butt joints should be prepared and . 
fitted up in accordance with the process 
specification governing the welding. 

Joint Rigidity 

Rigid joints are difficult to weld and 
may cause trouble from cracks resulting 
from the development of high residual 
stresses. Such joints should be avoided 
wherever possible, either by proper de¬ 
sign or by the use of the proper welding 
procedure. 
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CHAPTER 50 


FIELD-WELDED STORAGE TANKS* 


INTRODUCTION 

Use of Storage Tanks 

The growth of our cities and towns 
has increased the demand for water stor¬ 
age and the increased use of automobiles 
and of oil for heating has increased the 
requirements for oil storage. These, with 
other industrial requirements, have de¬ 
veloped a great demand for large field- 
constructed storage tanks. 

General Characteristics 

This discussion of field-welded storage 
tanks will be confined to bulk storage 
tanks too large for shop assembly, neces¬ 
sitating field erection. Such tanks have 
diameters greater than 12 ft. and are 
generally erected vertically. By this is 
meant cylindrical steel tanks with vertical 
axes, designed to contain liquid products, 
operating generally at atmospheric pres¬ 
sure or at not over 15 psi. gage pressure. 
This includes oil storage tanks of various 
types, standpipes, reservoirs and elevated 
tanks for the storage of water and tanks 
for storing miscellaneous liquid and in¬ 
dustrial products. 

It is understood, of course, that the 
gage pressure on any tank is measured 
above the liquid level. 

Governing Codes and Specifications 

Field-welded storage tanks are usually 
constructed in accordance with some code 
or specification prepared for a particular 
industry. 

The American Welding Society 
Standard Rules for Field Welding of 
Steel Storage Tanks (D5.1) provides 
complete specifications for the construe- 

* Prepared by a committee consisting of H. 
O. Hill, Bethlehem Steel Co., Chairman; H. C. 
Boardman, Chicago Bridge & Iron Co.; J. B. 
Fullman, A. M. Byers Co.; J. O. Jackson, 
Pittsburgh-Des Moines Steel Co.; F. L. Plum¬ 
mer, Hammond Iron Works; M. V. Reed, Dallas 
Tank Co., Inc.; T. D. Tifft, Sinclair Refining 
Co. 


tion of storage tanks for all types of 
service except that no unit stresses for 
the steel plating are specified. These unit 
stresses will depend upon the service con¬ 
ditions involved and may be found in the 
industrial specifications listed in the bibli¬ 
ography at the end of this chapter. 

MATERIALS 

Steels containing a low carbon and 
manganese content, commensurate with 
the required physical properties, will 
usually be better for welded construction 
than those containing a high carbon and 
manganese content. 

Field-welded storage tanks are usually 
constructed of one of the following 
materials: 

Plates. —Open-hearth plate materials 
conforming to any of the following 
American Society for Testing Materials 
Specifications: 

A7 Steel for Bridges and Build¬ 
ings. . ~ 

A283 Low and Intermediate Ten¬ 
sile Strength Carbon-Steel 
Plates of Structural Qual¬ 
ity. (all grades.) 

A285 Low and Intermediate Ten¬ 
sile Strength Carbon-Steel 
Plates of Flange and Fire¬ 
box Qualities. 

A113 Structural Steel for Locomo¬ 
tives and Cars (Grade L, 
Cold Pressing Plates). 

Structural. —Orjen-hearth structural 
materials conforming to either of the fol¬ 
lowing American Society for Testing 

Materials Specifications: 

A7 Steel for Bridges and Build- 

ing. _ 

A113 Structural Steel for Locomo¬ 
tives and Cars. 

Copper-Bcaring Steel— Copper-bearing 
steel with a copper content of about 
0.20% will resist atmospheric corrosion a 
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Fig. 1.—Cylindrical Oil Storage Tank with Cone Roof 


little better than plain-carbon steels; for 
that reason such a copper content is some¬ 
times specified for the above-mentioned 
steels. 

Electrodes. —Arc-welding electrodes arc 
usually specified to conform to the re¬ 
quirements of the AW S-A STM Specifi¬ 
cations for Mild Steel Arc-\Velding Elec¬ 
trodes (AWS Designation A 5.1 ; A STM 
Designation A233), using any of the fol¬ 
lowing grades: E6010, E6011, E6012, 

E6013, E6015, E6016, E6020 and E6030, 

depending upon the position of welding 
and other conditions of intended use (see 


Chapter 38 for a description of these 
electrodes). 

DESIGN 
Types o£ Tanks 

The most common shape of storage 
tank is the vertical tank with a cone 
roof and flat bottom. Figures 1 to 12 show 
the more common types. The need for 
preventing excessive evaporation losses of 
volatile oils has led to the development of 
special types of oil-storage tanks differing 
in various details. Also in the case of 





SECTION ELEVATION 


ig. 2.——Oil Storage Tank with Lifter Roof 
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Fig. 3.—Oil Storage Tank with Floating Roof 


water-storage tanks it is sometimes 
necessary to elevate the tank on a tower 
in order to obtain a suitable gravity head 
for distribution purposes. The more com¬ 
mon types are as follows : 

1. Cylindrical storage tank with cone 
roof and flat bottom. This type is used 
for general bulk storage of oil products, 
tar, alcohol and miscellaneous industrial 
liquids. (See Fig. 1.) 

2. Oil-storage tank with lifter roof, 
the roof of which elevates to increase the 


vapor space and prevent the loss of 
vapors during the warm period of the 
day. It does not conserve vapors during 
filling or emptying operations but is suit¬ 
able for standing storage of gasoline and 
other volatile products. (See Fig. 2.) 

3. Oil-storage tank with floating roof. 
The roof floats upon the liquid and in¬ 
sulates the surface of the liquid and re¬ 
duces vapor losses. These roofs con¬ 
serve vapors during filling and emptying 
of the tank but are not as tight against 



Fig. 4.—Dome Roof Tanks with Curved and Flat Reinforced Bottom 
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Fig. 6.—Sphere for Storing Gas or Petroleum Product* Under Pressure 
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vapor loss as lifter roofs for standing 
storage. They are very serviceable for 
active storage of gasoline or other vola¬ 
tile products. (See Fig. 3.) 

4. Domed-roof tank with flat rein- 


• fvOtVING LADOft 



Fig. 7.—Elevated Water Storage Tank 


forced bottom or with curved bottom. 
These are usually used for storing petro¬ 
leum products under low pressure to pre¬ 
vent evaporation. (See Fig. 4.) 

5. Spheroid for storing petroleum prod¬ 
ucts under low pressure, not exceeding 


15 psi., which permits a pressure above 
atmospheric to be applied to the surface 
of the liquid with nearly uniform stresses 
throughout the shell. These vessels may 
be plain or noded. (See Fig. 5 for noded 
spheroid.) 

6. Sphere for storing gas or petroleum 
products under pressure, which permits a 
pressure above atmospheric with nearly 
uniform stresses throughout the shell. 
Such tanks are frequently built for a 
pressure range above 15 psi. gage pres¬ 
sure and in such a case they become pres¬ 
sure vessels and should be constructed 
under the AS ME Un fired Pressure Ves¬ 
sel Code or the API-ASME Code for 
Un fired Pressure Vessels for Petroleum 
Liquids and Gases. (See Fig. 6.) 

7. Elevated zvater-storage tank, used 
to store water and by elevation to pro¬ 
vide sufficient pressure for water-distri¬ 
bution systems or for fire protection. 
(See Fig. 7.) 

8. Cylindrical water standpipe zvith 
domed roof. This tank is used for bulk 
storage of water for domestic service. 
Pressure is obtained by locating the tank 
on ground elevations or by pumping. The 
domed roof is solely for ornamental pur¬ 
poses. (See Fig. 8.) 

9. Cylindrical water standpipe zvith 
conical roof. This tank is used for bulk 
storage of water for domestic service. 
Pressure is obtained by locating the tank 
on ground elevations or by pumping. 
(See Fig. 9.) 

10. Process tank zvith cylindrical shell, 
elliptical roof and conical bottom on 
structural supports. This tank is used in 
many industrial plants for storing and 
handling liquids or dry products during 
manufacture. (See Fig. 10.) 

11. Underground storage tank. This 
tank is usually used for storing finishe 
petroleum products. It is used chie y 
where tanks located above ground wou 
be objectionable due to zoning require 
ments or for military purposes. (bee 

Fig. 11.) . - 

12. Railroad water tank. This tank is 
used by railroads for storing water or 

locomotive service. (See Fig. 12.) 

Each type of tank requires its specia 

accessories such as foundations, veI * s ’ 
gages, drains, overflows, manhoks, etc, 
depending upon the proposed con ten , # 
local conditions and regulations. I he a 
sign, construction and application of these 
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Fig. 8.—Cylindrical Water Standpipe with 

Dome Roof 

accessories should be handled by men ol 
experience in this field. 

Unit Stresses 

Steel Plates .—Industry usually specifies 
the unit stress requirements for the steel 



f'igr. 9.—Cylindrical Water Standpipes with 

Conical Roof 


plating to be used in the construction of 
storage tanks. This varies from about 
15,000 psi. for water-storage tanks to 
21,000 psi. for tanks containing petroleum 
products, depending upon the service re¬ 
quirements. The specifications mentioned 
in the bibliography should be referred to 
for unit stresses. 

Welds .—Butt joints welded from both 
sides with complete penetration and 
double, full-fillet-welded lap joints will 
usually show 100% strength values when 



Fig. 10.—Process Tank with Cylindrical Shell, 
Elliptical Roof and Conical Bottom 

tested with the usual narrow test coupons. 
Wide, unwelded plates, and wide welded 
plates will show lower tensile values than 
narrow test coupons. It is therefore ad¬ 
visable to assign efficiency values for 
welded joints to provide for the forego¬ 
ing condition and also for deficiencies in 
the welded joints. 
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The following weld design values are 
usually used in the design of field-welded 
storage tanks : 

Butt joints welded from both sides in 
tank shell plating, 85% efficiency, based 
upon the unit stress used for the plate 
material. 

Double, full-fillet-welded lap joints in 
tank shell plating, 75% efficiency, based 
upon the unit stress used for the plate 
material. 


with an unwelded portion, not over one- 
third the thickness of the plate, located 
substantially at the center of the joint. 
If single-vee groove welds are used, it is 
customary to require complete penetra¬ 
tion. 

The joint connecting the shell to the 
bottom on vertical cylindrical tanks is 
usually made with a continuous fillet weld 
on both sides of the shell plate of size 
equal to thickness of the bottom plate or 











REINFORCED CONCRETE SLAB 


Fig. 11.—Underground Storage Tank 


Typical Welding Details 

The plate seams which resist primary 
stress from the weight or pressure of 
tank contents require welded joints of 
high strength. These are the vertical 
joints in cylindrical tank shells, joints be¬ 
low the point of support in tanks with 
suspended bottoms and all the joints in 
low-pressure tanks. These joints should 
be welded to obtain complete penetra¬ 
tion and fusion throughout the thickness 
of the material. They are usually welded 
from both sides using square groove 
welds for material 5 /io in. thick and thin¬ 
ner and double-vee groove welds for heav¬ 
ier material. 

Seams subject to secondary stress, such 
as the circumferential seams of cylindri¬ 
cal tank shells, do not require full strength 
joints. They are usually welded from 
both sides to obtain at least two-thirds 
complete penetration, half from each side, 


the shell plate, whichever is smaller with 

a maximum size of V 2 inch. 

Bottom and roof plates on vertical 
cylindrical tanks, if the thickness does not 
exceed V* in., are usually connected with 
fillet welds applied to the top side only. 
Heavier plates are usually groove-welded. 

Typical welding details for a field- 
erected tank constructed with butt-welde 
shell are shown in Fig. 13. 


WORKMANSHIP 

Velder and Procedure Qualification 

In order to insure that the welding will 
>e properly performed, it is necessary 0 
rrange to have all welders properly qua 1 
ied and also to have the welding pro¬ 
cure that will be used in the welding ot 
:ach type of joint, in each position 
velding, properly qualified. The quahfi 
ation should be performed according 
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the requirements of the AWS Standard 
Qualification Procedure which will be 
found in Chapter 60. 

Surface Preparation 

Surfaces to be welded should be free 
from loose scale, slag, heavy rust, grease, 
paint and any other foreign material ex¬ 
cepting tightly adherent mill scale. A 
light film of linseed oil or spatter film 
compound may be disregarded. Such 
surfaces should also be smooth, uniform 
and free from fins, tears, and other de¬ 
fects which adversely affect proper weld¬ 
ing. A fine film of rust adhering on cut 
or sheared edges after wire-brushing need 
not be removed. 



Weather Conditions 

Welding should not be performed when 
the temperature of tlie base metal is be¬ 
low 0 C F.; when surfaces are wet from 
condensation, rain, snow or ice ; when rain 
or snow is falling on the surfaces to be 
welded; nor during periods of high wind 
unless the welder and the welding setup 
are properly protected. At temperatures 
between 32 and 0°F., the surfaces of all 
areas within 3 in. of the point where the 
weld is to be started should be heated to a 


temperature warm to the hand before the 
welding is started. 

Cleaning Between Beads 

Each bead of a multiple-layer weld 
should be cleaned of slag and other loose 
deposits before applying the next bead. 

Chipping and Oxygen Gouging of Weld 

Chipping of the roots of welds to re¬ 
move defects should be performed with 
a round-nosed tool or by oxygen gouging. 

INSPECTION AND TESTING 

Inspection 

It is advisable to have an experienced 
inspector who will intelligently check all 
construction details. This inspector 
should not be responsible to, or in the 
employ of, the superintendent or foreman 
in charge of construction. He should be 
given full authority to insist upon com¬ 
pliance with the applicable codes or speci¬ 
fications. 

The purchaser may, if he so desires, 
have the steel inspected at the rolling 
mills and have the fabrication inspected 
in the fabricating shop in order to have 
assurance that materials and workman¬ 
ship comply with the prescribed specifi¬ 
cations. 

Field inspection of the erection may 
also be performed if desired. The im¬ 
portant welded joints should be checked 
by sectioning methods as mentioned in 
the succeeding paragraph. 

Testing 

Sectioning .—Tank shells may be tested 
by sectioning methods as prescribed in 
Section VIII of the American Weeding 
Society Rules for field Welding of Steel 
Storage '1'anks. 

flat Tank Bottoms. —Joints in tank 
bottoms resting on grades or foundations 
may be tested by the magnetic-particle 
method, or by coating the joints with a 
suitable material such as strong soap 
solution or linseed oil and then applying 
air pressure or vacuum, which will dis¬ 
close leaks by the appearance of bubbles. 
Flat tank bottoms niav be tested by first 
attaching the lowest shell course and then 
pumping water underneath the bottom 
and maintaining a head of at least 6 in. of 
liquid by holding that depth around the 
edge of the bottom, inside a temporary 
dam. 






%2 Ma *' 


T* 
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VERTICAL JOINTS 


14 
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join ed. 


Girtm Joints 


ROOF &. BOTTOM JOINTS 


Welding : All joints in shell butt 

welded with plots edges prepored 
a© shown in sketches above. 

All joints in roof ond bottom plo+eS 
Single lop welded. 

Single Vee butt Joints may 

S fllso be used 5 but in such 
cose full penetration 

Joints ore required for both 

vertical and girth seams. 


Fig. 13.— 1 Typical Welding Detail*. Tank with Butt-Welded Shell 
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Finally, whenever possible, the entire 
storage tank should be tested by filling 
with water. 

All leaks discovered should be repaired. 


The weldability of wrought iron and 
welding procedure for wrought iron are 
discussed in Chapter 27. 

Materials .—When wrought iron is 



Pig. 14.—Welded Wrought-Iron Treating Tanks 


WROUGHT IRON STORAGE TANKS 

hi tlie section of this chapter dealing 
with steel tanks the American Welding 
Society Standard Rules for Field Weld- 
* n ff of Steel Storage Tanks are cited. 
I bus far no officially adopted rules for 
field welding of wrought-iron storage 
tanks have been prepared. Practical ex¬ 
perience has demonstrated wrought iron’s 
suitability for tank construction and it 
has been used satisfactorily for handling 
fresh water, oil, salt water, caustic soda, 
animal fats and a wide variety of other 
corrosive substances. Figure 14 illus¬ 
trates a typical installation. 


specified it shall conform to the latest re¬ 
vision of the following specifications of 
the American Society for Testing Mate¬ 
rials : 

A42 Wrought Iron Plates. 

A72 Welded Wrought Iron Pipe. 

A162 Uncoated Wrought Iron 

Sheets. 

A163 Zinc-Coated (Galvanized) 

Wrought Iron Sheets. 

A189 Single and Double Refined 

Wrought Iron Bars. 

A207 Rolled Wrought Iron Shapes 

and Bars. 

Filler metals suitable for use with 
wrought iron are discussed in Chapter 38. 
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CHAPTER 51 


PRESSURE VESSELS AND BOILERS* 


INTRODUCTION 


This chapter deals with closed end 
vessels which are subjected to internal or 
external pressure, both fired and unfired, 
as used in the various industries. 


Pressure Vessel Classification 

A vessel is defined as a pressure ves¬ 
sel for administrative purposes if the 
maximum working pressure exceeds 15 
psi. and the size exceeds certain limits 
(see Table 3). Such vessels are gener¬ 
ally cylindrical shells with ellipsoidal or 
conical ends, or spheres, or combinations 
of any surfaces of revolution. It is some¬ 
times difficult to classify a particular 
piece of equipment as a pressure vessel 
or as piping, particularly with the general 
trend toward larger sized units with at¬ 
tendant increase in the size of the piping. 
Pressure equipment used to transport the 
process medium from one vessel to an¬ 
other is generally classified as piping, re¬ 
gardless of size. Individual manufactur¬ 
ers often apply pressure vessel design and 
fabrication practice to large piping and to 
large, low-pressure vessels. 


Boilers and Unfired Vessels 

Steam boilers are, as a class, operated 
at lower maximum temperatures than 
many pressure vessels used in the oil re¬ 
fining and chemical industries. The 
steam and water drum of a boiler may be 
heated to the temperature of saturated 
steam (approximately 700° F. maximum, 
but generally much lower depending upon 
tbe operating pressure) whereas an un¬ 


it r I , rep . ar . cd by a committee consisting of D. 
f- Kossheim. M. W. Kellogg Co, Chairman ; 
r* - , Korten, Hartford Steam Boiler Inspection 
Insurance Co.; R. E. Lorentz, Jr., Combus- 
non Engineering-Superheater, Inc.; J I. Mur 

hT’ ( o ’ : (i - b Schocssow, The 

V ,fK °ck & Wilcox Co.; R. <1. Sturm, Purdue 
l .uversny; S. K. Varnes. E. I. du Pont de 
•Nemours & Co.; G. W. Watts, Standard 0,1 
1 (Indiana). 


fired pressure vessel in one of the process 
industries may be subjected in service to 
a temperature as high as 1200°F. with 
applications in the 800 to 1000°F. range 
quite numerous. Steam superheaters are 
operating at 1-100°F. and are being de¬ 
signed for considerably higher tempera¬ 
tures. 

The drums of power boilers and super¬ 
heaters are generally, but not always, ex¬ 
posed to furnace gases and sometimes 
also to radiation with attendant high 
rates of heat transfer. They are there¬ 
fore considered fired. The great majority 
of vessels in other industries are not 
similarly exposed and are classified as 
mi fired vessels. 

Construction Methods and Develop¬ 
ment of Welding 

Welding, as applied to pressure vessel 
construction, gained initial impetus with 
the simultaneous development of heavy 
covered electrodes and industrial radio- 
graphic equipment and the adoption in 
1930 of rules by code-making bodies and 
authorities and has made rapid strides to 
its current universally accepted position. 
Rapid developments during the past two 
decades in the boiler, chemical and petro¬ 
leum industries utilizing increasingly 
higher pressures, higher temperatures, 
new materials and large-scale units have 
furthered the development of the welding 
processes. 

As a matter of interest, the four types 
of pressure vessel construction which 
have supplied industrial demands over 
the past years are compared in Table 1. 
At the present time, forge welding has 
practically disappeared and riveting no 
longer occupies the status of active com¬ 
petition, being used only for special pro¬ 
duction items where highly developed or 
existing manufacturing equipment results 
in low cost or where local regulations 
•'till favor this construction. In the rail¬ 
way locomotive field, welded construction 
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APPLICATIONS 


has not been adopted, but the change is 
being carefully investigated and consid¬ 
ered ; several large welded locomotive 
boilers have been in operation since early 
1946 and many more either have had 
lesser service or are under construction. 

GOVERNING CODES AND 
REGULATIONS 

In view of the pressures and tempera¬ 
tures under which industrial vessels may 
operate and the nature of their contents, 
it is apparent that substantial hazard is 
involved in failure. Accordingly, safety 
codes have been prepared to cover the 
construction of steam-generating equip¬ 
ment and pressure vessels. 

At present the construction of welded 
boilers and pressure vessels is regulated 
by the codes and specifications which, 
with their sponsors, are listed below : 

1. ASME Boiler Construction Code ; 
American Society of Mechanical Engi¬ 
neers : 

Section I—Power Boilers 

Section II—Materials 

Section III—Boilers of Locomotives 

Section IV—Low-Pressure and Heat¬ 
ing Boilers 

Section V—Miniature Boilers 

Section VI—Rules for Inspection 

Section VII—Suggested Rules for 
Care of Power Boilers 

Section VIII—Unfired Pressure 
Vessels 

Section IX—Welding Qualifications 

2. A PI-AS ME Code—Un fired Pres¬ 
sure Vessels for Petroleum Liquids and 
Gases; American Petroleum Institute 
and American Society of Mechanical 
Engineers. 

3. General Specifications for Build¬ 
ing Naval Vessels; United States Navy 
Department. Bureau of Ships. 

4. Marine Engineering Regulations 
and Material Specifications; United 
States Coast Guard. 

5. ABS Rules for Building and 
Classing Steel Vessels; American 
Bureau of Shipping. 

6. Standards; Tubular Exchanger 
Manufacturers’ Association, Inc. 

7. Lloyd’s Rules and Regulations; 
Lloyd’s Register of Shipping. 

8. Various State and City Codes or 
Regulations. 

9. Various Foreign Codes or Regu¬ 
lations. 

The above codes cover permissible ma¬ 
terials, size, shape, design, service limita¬ 


tions, fabrication, heat treatment, inspec¬ 
tion and testing requirements, and, in 
addition, contain requirements for the 
qualification of welding procedures and 
operators. A comparison of requirements 
for vessel test plates in different codes is 
given in Table 2, and a comparative tabu¬ 
lation of other requirements of the more 
generally used ASME and API-ASME 
Codes for various classes of construction 
is shown in Table 3. 

The existence of several codes is a 
source of confusion and annoyance to 
manufacturers and users. The API- 
ASME Code enjoys wide acceptance in 
the petroleum industry and the ASME 
Boiler Code in other fields except for ap¬ 
plications subject to federal control. 
Those States and municipalities having 
regulations for the most part have 
adopted the ASME Boiler Code in its 
entirety, in part or with certain excep¬ 
tions. Where in doubt it is desirable to 
ascertain the requirements from local 
authorities. The ASME Power Boiler 
Code is mandatory in more than half of 
the States, the District of Columbia, 
Hawaii and the Canal Zone, the Prov¬ 
inces of Canada, with the rules for other 
types of boilers either mandator}" or ac¬ 
ceptable. The ASME Unfired Pressure 
Vessel Code is mandatory in nine states, 
the District of Columbia and Hawaii, the 
Provinces of Canada, and is required for 
air tanks in two states. 

The ASME Boiler Code, however, is 
constantly undergoing revision to keep 
pace with improvements and to correct 
weaknesses in existing rules. Since many 
local regulations are statutory, changes 
can be accomplished only yearly, result¬ 
ing in temporary difficulties. 

There is now under consideration a 
proposed complete revision of Section 
VIII ASME Un fired Pressure Vessel 
Code which has been drafted to consoli¬ 
date the best features of the present Code 
and those of the API-ASME Code into 
one set of rules. If acceptable to t e 
ASME and API, the API-ASME Code 
will no longer be necessary. Similar y, 
the Coast Guard is revising its rules in an 
attempt to bring them into closer agree¬ 
ment with the ASME Boiler Code Rules. 

MATERIALS 

General 

Fortunately for the early advocates of 
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welding, boiler drums and pressure ves¬ 
sels were then operated under such condi¬ 
tions that satisfactory and economical 
construction was obtained with plain 
carbon steels of moderate tensile strength. 
For example, drum plate material was 
confined to conventional flange and fire¬ 
box grades of 55,000 or 60,000 psi. mini¬ 
mum tensile strength. This type of steel, 
for many years the outstanding material 
for riveted construction, was suitable for 
arc and gas welding. This same general 
class of material was used for other com¬ 
ponent parts of pressure vessels and aux¬ 
iliary equipment such as headers, piping, 
boiler tubes and superheater and econo¬ 
mizer tubular elements. With the ap¬ 
plication of increasingly higher operating 
pressures and temperatures in power 
plant and industrial process equipment, 
the situation lias appreciably changed not 
only by the introduction of alloy steels 
having special properties but by the de¬ 
velopment of new methods of fabrication. 

Extreme conditions of present-day 
operation include: boiler pressures up to 
2600 psi.; superheated steam temperatures 
up to 1400° F.; process vessel service up 
to 1200°F. and as low as minus 350° F. 
Each set of operating conditions empha¬ 
sizes specific requirements which must be 
considered in the selection of suitable ma¬ 
terial. Higher operating pressures for a 
vessel of given diameter involve either an 
increase in wall thickness or the use of 
higher strength material. At tempera¬ 
tures in excess of approximately 650° F., 
low-carbon steels suffer a loss in tensile 
properties and undergo plastic flow or 
creep, while steels having suitable alloy¬ 
ing elements possess greater strength and 
creep resistance, thus permitting the use 
of higher working stresses. In the low 
temperature range of operation, i.e., at 
temperatures lower than 0°F., material 
should be examined with particular ref¬ 
erence to notch toughness and resistance 
to brittle fracture. 

When steel is subjected to stress at 
elevated temperature for extended periods 
of time, slow plastic deformation or creep 
occurs. By creep strength is usually 
meant the stress at any given temperature 
which will produce a specified low de¬ 
formation rate such as 1% in 10,000 hr. 
or 1 % j n 100,000 hr. When such tests 
are run sufficiently long, rupture occurs 
providing stress-rupture data, the rup¬ 
ture strength being the stress which will 


produce rupture in the specified interval 
of time. Elongation at failure is also re¬ 
corded in rupture tests. Creep and rup¬ 
ture tests are rarely run for sufficiently 
long periods to simulate service require¬ 
ments. Instead, estimated values are de¬ 
rived from tests of shorter duration, 
about 1000 hr. being considered necessary 
for reasonably dependable extrapolation. 
Figure 1 shows the comparative creep 
strengths of some of the most commonly 
used steels. 

The following properties of material 
arc important in connection with the 
choice of the most suitable and economical 
material for a particular application: 

1. Short time tensile strength at 
room and at maximum operating tem¬ 
perature. 

2. Short time ductility at room and 
at maximum operating temperature. 

3. Short time yield strength at room 
and at maximum operating temperature. 

4. Resistance to deterioration by 
corrosion, corrosion fatigue, stress cor¬ 
rosion, etc. 

5. Notch sensitivity and impact re¬ 
sistance (particularly for subnormal 
temperatures). 

6. Creep strength (for service tem¬ 
peratures in plastic flow range). 

7. Rupture strength and ductility 
(for service temperatures in plastic 
flow range). 

8. Physical structure stability under 
intended service conditions. 

9. Age hardening and embrittle¬ 
ment under intended service conditions. 

10. Weldability and need for special 
preheat and postheat treatments. 

11. Work hardening characteristics. 

12. Thermal conductivity and thermal 
shock resistance. 

13. Resistance to repeated applica¬ 
tions of load (fatigue) 

The materials generally employed in 
boilers and pressure vessels may be 
grouped as follows : 

Plain carbon steels—rimmed, semi- 
killed and killed 

Low-alloy steels 

Straight chromium steels 

Austenitic steels 

Integral clad steels 

Nonferrous materials 

Table 4 lists the plate materials most 
commonly used in pressure vessel con¬ 
struction with a summary of tensile and 
chemical requirements. In most cases, 
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parallel specifications are available for 
forgings, pipe and castings. 

Plain. Carbon Steels 

Specifications for rimmed or semi-killed 
carbon steel plate were inherited from 
riveted and forge-welded construction. 


service is of this type. The firebox grade 
is preferred for premium construction 
because of the usually greater uniformity 
in chemistry and cleanliness. The API- 
ASME Pressure Vessel Code assigns a 
quality factor of 1.00 for welds in fire¬ 
box steel and 0.97 in flange quality steel. 
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Fig. I. 1 —Curves Showing Comparative Creep Strengths of Various Steels. Rate, 1 % in 100,000 


These steels contain an average of ap¬ 
proximately 0.20 to 0.30% carbon and, 
although the welding quality of these 
steels has been improved, the specifica¬ 
tions themselves are very little different 
from what they were twenty years ago. 
Almost all of the. plate used in pressure 
vessels up to 1V 2 in. thick for ordinary 


code also permits the use of 
quality plate conforming to Abi* 
i fixations A-7 and A-283 for serv.ce 
j 750 °F. and V. in. thickness with a 

ity factor of 0.92. . . 

1 carbon steel plates more than 2^ 

: and the higher strength 65 000 an 
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silicon killed in all thicknesses. Some 
specifications for carbon steel pipe permit 
the use of rimmed steel, although most 
seamless piping is made of killed steel. 
The ASME Boiler Code recognizes two 
grades of killed-steel pipe, one in which 
the silicon content is less than 0.10% and 
the other in which it is 0.10% minimum 
and has established allowable working 
stresses at elevated temperatures for each. 

Low-Alloy Steels 

There are a number of low-alloy steels 
which possess one or more of the follow¬ 
ing properties as compared with plain 
carbon steels : 

Improved room temperature strength. 

Improved high temperature strength. 

Greater resistance to impact at low 
temperatures. 

Improved corrosion resistance. 

Improved oxidation resistance and sta¬ 
bility at high temperatures. 

Chromium-manganese-silicon steel pos¬ 
sesses the first of these characteristics 
and also resistance to atmospheric corro¬ 
sion ; nickel steel possesses the first and 
third; carbon-molybdenum steel possesses 
the second; 2% chromium—molyb¬ 
denum, 2 1 /«% chromium—1% molyb¬ 
denum, 5% chromium— J /a% molybdenum 
steels and steels of similar analyses pos¬ 
sess the second, fourth and fifth of these 
characteristics. Standard plate specifica¬ 
tions for the chromium-molybdenum 

steels, last mentioned above, are still not 
available. Five percent chromium— 1 //' 
molybdenum steel is used mainly in the 
oil-refinery industry due to its high 
strength at elevated temperatures and its 
resistance to sulfur corrosion. 

Steels in this group require greater 
care in welding than plain carbon steels 
and should usually be thermally stress 
relieved. 

Straight Chromium Steels 

The straight chromium steels are rela¬ 
tively little used for pressure parts, ex¬ 
cept for handling nitric acid. They are 
used extensively as corrosion protective 
linings in the oil and chemical fields. 
AI SI types 410 and 430 modified are per¬ 
missible for ASME Code U-68 vessels 
under the provisions of ASME Boiler 
Code Case No. 989. These steels, in 
general, show greater notch sensitivity 
than plain carbon steels, this effect in¬ 


creasing with increased chromium con¬ 
tent particularly in the range above 15% 
chromium. Steels with a chromium con¬ 
tent above 13% are also subject to the 
possibility of temper embrittlement fol¬ 
lowing service at temperature in the 700 
to 1000°F. range. (See Chapter 30.) 

Austenitic Steels 

The most common of the austenitic 
chromium-nickel stainless steels are AISI 
Types 304, 316 and 347, which find con¬ 
siderable use in the chemical and pe¬ 
troleum field. They are used both for 
pressure parts and internal linings. They 
are suitable for very low-temperature 
service, maintaining good impact resist¬ 
ance at minus 300°F., corrosion resist¬ 
ance, and possess substantial high tem¬ 
perature creep and rupture strength. In 
this group, the ASME Code contains ma¬ 
terial specifications for chromium-nickel 
steels, which are modifications of AISI 
Types No. 304, 316, 321 and 347 and 
rules for their use in Case No. 897 
Other analyses in this group which find 
occasional use in pressure vessel con¬ 
struction but which are not as yet in¬ 
cluded in codes are 25-12 and 25—20 
chromium-nickel steels. They have su¬ 
perior strength to 18% chromium, 8% 
nickel steel in the extremely high tem¬ 
perature range. The austenitic steels are 
nonmagnetic and non-air-hardening but 
work-harden readily. Their low thermal 
conductivity and consequent lower resist¬ 
ance to thermal shock is a factor to be 
considered for severe service. (See 
Chapter 31.) 

Integral Clad Steels 

Carbon or low-alloy steel plates with 
an integral cladding of alloy steel (304, 
347, 316 and 405, 410 and 430), nickel. 
Monel or Inconel find considerable ap¬ 
plication in pressure vessel construction 
because of the corrosion protection 
afforded at lower cost than for solid cor¬ 
rosion-resisting materials. Such materials 
conforming to A STM Specifications 
A263, A264 and A265 are permissible for 
Code construction. Silver- and copper- 
clad steels are also available. Clad steel 
construction is discussed more fully in 
Chapter 37A. 

Nonforrous Materials 

The ASME coc le covers certain non- 
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ferrous materials which are applicable to 
arc-welded pressure vessels as follows: 

Aluminum-Manganese (ASTM B196) 
Nickel-Copper Alloy (ASTM B127) 
Copper-Silicon (ASTM B96) 

Deoxidized Copper (ASTM Bll, 12, 

13, 42) 

It is expected that the Code will shortly 
extend the scope of its rules considerably 
to cover other nonferrous materials. 

Allowable Stresses and Joint 

Efficiencies 

Material properties which influence 
load-carrying ability and general suit¬ 
ability for a particular service have been 
listed at the beginning of this section. 
These properties are significant only in 
proportion to the adequacy of the test 
procedure from which they are deter¬ 
mined, and since in most cases small 
specimens with elementary types of load¬ 
ing are used, the test results are of quali¬ 
tative rather than quantitative signifi¬ 
cance. Physical metallurgy has not yet 
provided a suitable understanding of 
modes of failure and its association with 
stiffness, ductility, resistance to shock and 
fatigue and other material properties. 
For the present, allowable stresses are 
necessarily selected for commonly used 
materials by giving primary weight to 
established safe usage, and permitting 
comparable service on other materials in 
proportion to their properties as deter¬ 
mined by conventional tests. Actually 
tensile strength, yield point, creep strength 
or long-time rupture strength, determine 
present-day allowable stresses, ductility 
and shock and fatigue resistance being 
taken care of in some degree by material 
specifications and other test requirements. 
With further progress, creep and rupture 
tests will possibly contribute more than 
comparative evaluation and the selection 
of allowable stresses may reflect better 
evaluation of the flow characteristics, rup¬ 
ture patterns and ductility as determined 
by these tests. Proper selection of work¬ 
ing stresses also involves design and 
service considerations, which will be con¬ 
sidered more broadly under Design. 

These material properties and, in addi¬ 
tion, the influence of abrupt structural 
discontinuity (plate—heat affected zone— 
weld) and the unworked deposited metal 
attendant to welding must be considered 
in establishing joint efficiencies. There 


is a tendency to overvalue the greater 
tensile .strength of many welds with per¬ 
haps too little attention to lower ductility 
in the heat-affected zone, which is the 
critical area for failure under sudden or 
repeated loading. On materials which 
undergo transformation, full heat treat¬ 
ment is beneficial in minimizing this weld 
edge discontinuity, subcritical stress re¬ 
lief being of only nominal benefit. Joint 
efficiencies also depend on design and in¬ 
spection requirements and are discussed 
further under Design. 

Selection o£ Material 

Table 5 contains a brief and partial 
summary which will give some idea of 
the present practice in selecting steels for 
various services. Selection in any indi¬ 
vidual case will be influenced by eco¬ 
nomics, corrosion resistance, desired qual¬ 
ity, ease of making field changes, etc. 
The temperature range shown is intended 
to indicate the range of general usage and 
does not indicate the limits to which the 
steel can be used. 

DESIGN 

General 

The application of modern welding to 
pressure vessels and boilers has made pos¬ 
sible improved design approaching uni¬ 
form strength throughout each vessel 
which together with advances in me¬ 
chanics and metallurgy has pointed the 
way to more economical use of materials. 
However, as a pressure membrane or un¬ 
interrupted stressed-skin structure (with¬ 
out butt straps, lap joints, etc.) is ap¬ 
proached, the hazard of propagating 
minor flaws is increased. Also, overall 
economic considerations dictate design for 
complete rather than average safety, since 
damages incident to a small fraction of 
19 c failures would normally completely 
offset material and fabrication savings on 
the entire production. Accordingly, safety 
codes and designers must proceed cau¬ 
tiously with reduction in safety factors, 
considering all contributing factors (serv¬ 
ice, materials, fabrication, inspection and 
design) and await each advance ,to be 
adequately proved by service experience 
before sanctioning the next step. 

The safety codes which are referred to 
throughout this chapter are written for 
the mutual benefit of manufacturer, de- 
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signer, user, inspector and enforcement 
agency. To be effective they must con¬ 
tain design and service requirements 
which are the minimum required for 
safety, be limited in complexity and be 
consistently interpreted. The designer, 
enforcement agency and user must evalu¬ 
ate special designs, unusual service re¬ 
quirements and other factors which either 
are not covered by specific rules or intro¬ 
duce hazards for which lower allowable 
stresses, better quality fabrication or 
special materials are required. Corrosion 
and other deteriorating influences vary 
widely with minor changes in materials 
or vessel contents, so that code rules 
necessarily apply to new construction; 


to axially symmetrical vessels, occasional 
use is made of flat sides or elliptical or 
obround shells, with or without stiffeners 
or staybolts. Many considerations affect 
shape selection including economics (ma¬ 
terial and fabrication), space limitations 
and service requirements. Conventional 
construction employs cylindrical shell 
courses with either ellipsoidal or two 
radii torispherical heads, commonly called 
dished or basket heads. 

Design Loading Criteria 

Pressure vessels are used to contain 
liquids, vapors or finely-divided solid ma¬ 
terials, singly or in combination, under 
pressure and temperature. Protection 


Table 5—Some Applications of Materials in Pressure Vessels 


Item 

Service 
Temp., °F. 

Max. Specifi¬ 
cation or Code 
Thickness, In. 

A STM Speci¬ 
fication 

Remarks 

Boiler drums 

7 50 

12 

A285 Gr. C 


Boiler drums 

750 

8 

A201 Gr. A. 

Gr. B 


Boiler drums 

750 

6 

A212 Gr. B. FBQ 


Boiler drums 

7 50-850 

6 

A204, Gr. A® 
or B a 


Boiler drums 

Over 850 

6 

Ve% Cr-Vs% Mo 


Pressure vessels 

—20 to 750 

3 /4 

* A283, A7 

For mild or relatively low 
hazard services*' 

Pressure vessels 

Pressure vessels 

—20 to 850 

2 

• 

A285 Gr. C 

Firebox quality used over 
850°F. and generally 
for lower temps, also 

—50 to 750 

6 

A212 Gr. B« 

I ressure vessels 

• * 

750 to 1000 

6 

A 204 Gr. A® 
or B® 

Over 850°F., precautions 
against graphitization 
advisable 

f ressure vessel* 

— 50 to 1000 

12 

8 

A201 Gr. A®, 

Gr. B® 


Pressure vessels 

—75 to —40 

6 

A203 Gr. A® 
or B® 


I ressure vessels 

m w 

— 150 to —75 

4 

A203 Gr. D" 
or E® 


1 ressure vessels 

—300 to 1200 

None 

A240 Gr. S. T, C 
or M 

Very low temp. Very 
high temp. Corrosion, 
contamination 


, .,. ° Firebox quality is customarily used by many manufacturers because of its greater dependa- 
nility, although not required by codes for use below 850°F. 

Permitted by ASME Code for U-70 vessels not over 1 /a in. thick. 


provisions against deterioration and for 
frequency of service inspection are matters 
of user and enforcement agency experi¬ 
ence. Unfortunately, some forms of de¬ 
terioration such as intergranular corro¬ 
sion, . stress corrosion and corrosion 
fatigue do not involve discernible loss of 
weight or pitting and, where suspected, 
visual inspection should be supplemented 
by all means available for the detection 
of fine cracks. 

Pressure vessel shapes cover the entire 
gamut of surfaces of revolution such as 
cylinders, spheres, ellipsoids, torii and 
cones in many combinations. In addition 


against excessive pressure may be ob¬ 
tained by designing for the maximum 
pressure which can be generated in the 
system, or more commonly, by pressure 
relief equipment, in which case a margin 
between operating and design pressure is 
necessary to avoid leakage at the relief 
mechanism. Operating pressures are left 
to the discretion of the designer, and are 
usually 5 to 25% below the maximum 
pressure permitted, this margin depending 
on degree of regulation, type of relief 
valves, hazards attendant to vapor dis¬ 
charge, etc. In code terminology the de¬ 
sign pressure is the maximum allowable 
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working pressure, and relief devices must 
reach full rated discharge capacity at 10% 
over this pressure (6% over in the case 
of boilers). The maximum temperature 
which the pressure shell will attain is des¬ 
ignated the maximum Ivor king tempera¬ 
ture, and may be ascertained or controlled 
by means of thermocouples. The maxi¬ 
mum working pressure and temperature 
governing the design are required- to be 
stamped on the vessel. 

Pressure and temperature, while prin¬ 
cipal factors, are not the only design cri¬ 
teria. Other loadings must be considered 
even though the codes contain no specific 
rules for handling them. Such loadings 
include the following: 

Dynamic shock; fluctuating and re¬ 
peated pressure loading. 

Thermal stresses; heat transfer; dif¬ 
ferential expansion ; fluctuating and re¬ 
peated temperature; thermal shock; 
start-up and shutdown effects. 

Superimposed loadings; piping reac¬ 
tions ; reactions of platforms and at¬ 
tached equipment. 

Gradients such as varying load of 
contents with depth, or varying tem¬ 
perature in a fractionating tower. 

Wind and earthquake loading. 

Dead loads such as weight of vessel 
and contents. 

Effects of supports such as lugs, 
saddles and skirts. 

All loading does not occur simulta¬ 
neously, so that parallel design conditions 
must sometimes be considered, such as for 
erection, start-up, operation, shutdown, 
emergency or with relief valves blowing. 
For example, loading under erection is 
usually taken at stripped weight (without 
insulation, piping, equipment, etc.) with 
full effects of wind and earthquake; 
loading under start-up usually assumes 
vessel is cold but under pressure, pipe 
connecting lines are hot, together with 
full effects of wind and earthquake. 

Safe Limits for Loading 

The safety of pressure equipment in¬ 
volves evaluation of service, materials, 
design, fabrication and inspection simul¬ 
taneously. Since, as already pointed out, 
these factors individually are not sus¬ 
ceptible to complete quantitative assess¬ 
ment, the only presently reliable measure 
of safety is reasonably extensive experi¬ 
ence. This situation will be improved 
only when mechanics and metallurgy pro¬ 
vide a sufficient understanding of the re¬ 


lation between stiffness, ductility, shock 
and fatigue. . 

So-called factors of safety derive quan¬ 
titative significance only in relation to 
simplified tensile tests and do not extend 
in meaning beyond single applications of 
load; at elevated temperature they are 
meaningless. The original ASME Code 
safety factor of 5 (based on tensile 
strength) has been reduced to 4 in the 
API-ASME rules, and in the Alternate 
Rules of the ASME Unfired Pressure 
Vessel Code, with added design and fab¬ 
rication restrictions. Increased stresses 
are also permissible on boiler drums 
under certain restrictions. With the va¬ 
riety of design and fabrication details per¬ 
mitted, the true safety factor is dependent 
on the magnitude of localized stress 
which exists (around openings, intersec¬ 
tions, undercuts or at defects in welds, 
etc.), in combination with the resistance 
of the material to maintained, sudden or 
repeated loading. 

The present basis of the ASME Boiler 
Construction Code allowable stress Tables 
P-7 and U-2 from which Table 6 herein 
has been prepared is covered by the fol¬ 
lowing statement prepared by the ASME 
Subgroup on Stress Allowances for Fer¬ 
rous Materials. The Alternate Rules 
permit stresses up to 125% of the stresses 
in these tables. 

“The tables of allowable stresses are 
grouped according to temperature and in 
every case the temperature is understood 
to be the actual metal temperature. 

“The stresses given in P-7 and U-2 
(see Table 6) are based on 20% of the 
minimum tensile strength according to 
specifications except for bolting materials. 
For bolting materials the design stress is 
based on 16% of the minimum tensile or 
20% of the yield strength for 0.2% off¬ 
set, whichever is lower. (It is recognized 
that bolts as distinguished from other, 
parts, are always expected to work at 
stresses above the design value.) 

“The allowable stresses are based on 
80% of the stress required to prodOce a 
creep rate of 0.01% per 1000 hours. Since 
1944, stress-rupture data when available 
have been given consideration on the 
basis that the allowable stress should not 
exceed 50% of the stress to produce rup¬ 
ture at the end of 100,000 hours. How¬ 
ever during the interval the creep data 
have been the limiting consideration. It 
should be noted that stresses set prior to 
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1944 have not been readjusted to meet the 
stress-rupture criterion. 

“In the choice of stresses in the range 
when a percent of tensile strength or yield 
strength governs, it is presumed that ma¬ 
terials will be no better than given in 
the specifications and no credit is allowed 
for any improvement in tensile properties 
by special heat treatment. 

“In the transition range between where 
20% of the tensile strength governs and 
where 80% of the stress to produce a 
creep rate of 0.01% per 1000 hours gov¬ 
erns, allowable working stresses shall not 
exceed 50% of the yield strength for 
0.2% offset/’. 

Allowable stresses do not at present 
completely define safe loading. Heat 
transfer stresses in boiler and superheater 
tubes or other equipment on long cycles 
of operation are largely ignored, so long 
as the maximum metal temperature con¬ 
trols the design. Present stress levels 
and design details and rules apparently 
are adequate for a reasonable degree of 
cyclic loading; for extreme degrees of 
such loading, lower stresses, refined de¬ 
sign and, in particular, the highest quality 
fabrication and examination are essential. 
It is generally recognized that materials 
and joints must possess a certain ability 
to absorb energy and to deform plastically 
under actual stress conditions. Ship and 
large pressure vessel failures in recent 
years have emphasized the hazards of this 
problem. For low-temperature service 
below —20°F. the ASME Unfired Pres¬ 
sure Vessel Code, at present, requires 
that all materials and welds be impact 
tested. The applicability of the arbitrary 
dividing line of —20°F. for all materials 
is currently under study. 

Allowable stresses in the API-ASME 
Unfired Pressure Vessel Code are basi¬ 
cally the same as permitted for construc¬ 
tion under the ASME Alternate Rules 
with certain exceptions which are now 
the subject of study and which will 
probably be reconciled in future editions. 
The more important of these are as fol¬ 
lows : the stresses for castings include a 
casting quality factor and the basic values 
are not identical with those given for 
wrought material of the same analysis; 
the stresses for some of the materials 
with high specified minimum tensile 
strengths are not based on annealed prop¬ 
erties ; the stresses for carbon steels 
above 650 °F. are arbitrarily based on a 


proportion of the specified minimum ulti¬ 
mate strength at room temperature ex¬ 
cept for A212 plate for which the allow¬ 
able stresses above 850 °F. are decreased 
to the level of a 55,000 psi. strength steel; 
no distinction is made between killed and 
rimmed carbon steel, the same stresses 
being allowed for both; and the stresses 
for carbon steel above 950°F. exceed the 
stress to cause 0.01% creep in 1000 hours. 

Figure 2 shows curves of the ASME 
and API-ASME Code allowable stresses 
together with typical tensile, creep and 
stress-rupture curves for a killed carbon 
steel. 

When the strength of the vessel can¬ 
not be accurately calculated, the codes 
provide for proof tests (see Inspection). 

Design Formulas 

Formulas based on the theory of elas¬ 
ticity are used for the entire temperature 
range, although it is realized that at high 
temperatures, plastic flow or creep pro¬ 
portional to stress tends to equalize 
stress distribution. The margin is in the 
direction of safety with higher tempera¬ 
tures. The simple stress theory is em¬ 
ployed, ignoring interaction of strains 
along other axes, which is probably the 
best compromise since the strain energy, 
maximum strain or other criteria for pre¬ 
dicting yielding are as yet insufficiently 
explored for correlation with high-tem¬ 
perature behavior. 

For shells and spheres, approximations 
of the Lame Formulas are used in both 
codes and for cones a similar formula is 
used. For ellipsoidal or dished heads the 
membrane formula is used directly or, 
with test and experience data, to arrive 
at factors to be used in simplified for¬ 
mulas. In this connection, except for a 
few pressed heads, all heads are two radii 
(torispherical) in shape with high 
stresses at the torus—sphere intersection, 
which are lowered as yielding under 
hydrostatic test pressure permits ellip¬ 
soidal contour to be approached. 

For flat covers the thin plate formula 
is used with a varying constant to take 
care of edge fixation and the particular 
detail used; in the case of bolted covers 
with inside gaskets, there is an adde 
factor for the edge moment due to the 
gasket reaction. Bolted flange rules (in¬ 
side gasket facing) which evaluate the 
distribution of moment between the flange 
ring and the hub are given in organized 
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form, and involve the assumption that the 
bolt load is that required for a tight joint 
increased by one-half the strength of any 
excess bolt area, as a protection against 
overtightening. For simplicity, this for¬ 
mula ignores direct and discontinuity 
pressure effects; it also provides for longi¬ 
tudinal bending stresses 50% above the 
nominal allowable design stress provided 
the average of the flange and hub stresses 
is within the code value. With the addi- 


reinforcements within a prescribed area 
must essentially replace the metal re¬ 
moved. and welds must provide compar¬ 
able strength. Analysis and tests are 
under consideration to determine more 
effectively the relation between location 
and effectiveness of reinforcements and at¬ 
tachment welds, and the amount required 
to keep stress intensification within pre¬ 
scribed limits. More attention should be 
paid to normal and bending stresses im- 



TEMPERATURE. — DE.G-RE.ES- FAHRENHEIT 


Fig. 2.—ASME and API-ASME Allowable Stress for Killed Carbon Steel (ASTM A-201 Gr. B 
60.000 Min. T.S.) Together with Typical Short Time Tensile, Creep and Stress-Rupture Curves 

1. Allowable working stress, ASME Code; nominal safety factor 5. 2, Allowable working stress, 

API-ASME Code; nominal safety factor 4. 3, Short-time tensile strength; 4, Creep strength— 

rate, 1% in 100,000 hr.; 5, Stress to rupture in 100,000 hr. 


tional stress imposed by direct end pres¬ 
sure the total hub stress may reach twice 
the nominal design value. Localized 
stress conditions of this and higher orders 
are regularly encountered in vessels, for 
example, in the knuckles of minimum 
code heads, around openings, etc. I he 
averaging of flange and huh stresses is 
justified since the combined structure will 
not yield until both are overstressed. 

Code rules permit specified small open¬ 
ings without checking for strength on the 
basis that the coupling or nipple and weld 
will always provide sufficient strength for 
the weakened area so that stress intensi¬ 
fication will not be excessive. Elsewhere 


posed on nozzles by piping, and reinforce¬ 
ment details best suited to such loading ; 
also to multiple or numerous openings 
where effects overlap, to openings large 
in proportion to the vessel diameter, and 
to openings located in areas of contour 
changes such as in the knuckle area of 
heads. 

Some acceptable types of arc- and gas- 
welded nozzles and other connections to 
pressure vessels are shown in Figs. 3 and 
4. These figures are reproduced from 
the ASME Code. Figure 4 illustrates a 
type of nozzle detail to be inserted in an 
opening of the shell and attached with a 
double welded butt joint. Radiographic 
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examination of the weld can be made 
readily with this type of nozzle. This is 
a desirable design but unfortunately is 
very seldom used since other types of 
nozzle attachments are cheaper at the 
present time, and will remain so until 
machining of this nozzle is perfected. 

Under external pressure, stability must 
also be considered. Rules appear in both 


pressure vessel codes for checking against 
such collapse. For simplification maxi¬ 
mum possible stiffener loading is assumed 
so that stiffener size can be obtained from 
a chart. Similarly, longitudinal shell 
bending at stiffeners is taken at a maxi¬ 
mum which again implies infinitely rigid 
stiffeners so that maximum pressures can 
be charted. 
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All of the foregoing is concerned with 
principal direct or bending stresses which 
result directly from pressure, bolt loading 
or other external sources. The single ex¬ 
ception is the external pressure vessel 
where secondary stresses result from the 
stiffener resisting inward movement of 
the shell. Similar axially symmetrical 
discontinuity is encountered in any vessel 
where members or sections are joined or 
at intersections of shapes of revolution 
having unequal membrane displacement. 
Sharp intersections, such as between a 
shell and cone, are an example. The uri- 
balanced radial component of the longi¬ 
tudinal membrane stress in the cone sets 
up a ring loading at the intersection caus¬ 
ing localized direct and bending stresses 
which may be excessive. Non-symmet¬ 
rical bending piping stresses (in so far 
as the vessel axis is concerned) appear 
around nozzles due to the difference in 
longitudinal and circumferential stress and 
also to direct or bending loads, around 
lugs and saddles, around ties or staybolts 
and in general at all localized loads. 
There is need for a recognized limit for 
such stress in comparison with the so- 
called allowable stress, which as used in 
code rules governs principal stresses only. 
This limit would necessarily differentiate 
between those cases where yielding pro¬ 
duces stronger or weaker contours, be¬ 
tween internal and external loading, be¬ 
tween direct versus bending effects and 
give due significance to location and ex¬ 
tent. Such questions are being actively 
studied by the Design Division of the 
Pressure Vessel Research Committee of 
the Welding Research Council. 

Welded Joints 

Butt joints welded from both sides offer 
greatest assurance of uniform or complete 
bonding and should be used where maxi¬ 
mum strength is required or where shock, 
fatigue or plastic deformation such as 
creep may occur. Equally satisfactory is 
the single groove weld made against a 
backing, which is subsequently removed 
and the welding surface repaired if neces¬ 
sary. Where the backing is not removed, 
an unknown root condition exists which 
may initiate failure under repeated load¬ 
ing particularly on longitudinal welds. 
However, such welds are permitted under 
the codes on the same basis as welds 
made from both sides. Other types of 
joints in order of decreasing joint effi¬ 


ciency are the butt joint welded from one 
side only, the lap joint fillet welded on 
both sides, the lap joint with a single 
fillet weld and plug weld and the lap joint 
with a single fillet weld only. Their as¬ 
signed joint efficiencies in proportion to 
butt joints welded from both sides can be 
justified only on the basis of static, non¬ 
fatigue comparison since inadequate fu¬ 
sion and unknown root conditions are in¬ 
herent to groove welds made from one 
side only and to fillet welds, and vessels 
fabricated by such welding are usually for 
less critical service. 

The codes in some cases permit girth 
seam welding to be inferior to that on 
longitudinal seams. However, a word of 
caution is necessary. Although the longi¬ 
tudinal membrane stress in a cylinder is 
only one-half the circumferential stress, a 
girth seam carries the full circumferential 
stress in cross section and may be subject 
to high secondarj' bending stress depend¬ 
ing upon its location, i.e., proximity to 
end flanges, nozzles, heads and appurte¬ 
nances. For best construction, all seams 
should be of equal quality. 



The API-ASME Code for I'nfired 
Pressure \ / essels for Petroleum Liquids 
and Cases contains a formula for evalu¬ 
ating permissible shear or tension in plug 
welds as well as shear and tension load¬ 
ing factors for groove and fillet welds as 
a function of the relative weld-load direc¬ 
tion for use on nozzle attachments, plugs 
and similar parts. 

Welded Joint Efficiencies—Construc¬ 
tion Factors—Premium Inspection 

The AS ME Code gives joint efficien¬ 
cies (or permissible stresses for U-70 con¬ 
struction) which involve all considera¬ 
tions. The API-ASME Code final joint 
efficiency combines the welded joint effi¬ 
ciency with construction factors for plate 
quality and for radiographic examination 
and stress relief. These are noted in 
Table 3. 

Plate quality construction factors are 
discussed under Materials, and radio- 
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graphic examination under Inspection and 
Fabrication. The contribution of non¬ 
destructive detection of cracks, etc., to in¬ 
creased safety under shock or repeated 
loading cannot be over-emphasized and 
code rules should be extended to encour¬ 
age their more generous use. Greater 
premium for overall examination would 
appear to be justified, with spot exami¬ 
nation required for intermediate design 
efficiencies and with lower allowable 
stresses assigned where there is only vis¬ 
ual examination. 

Stress relief is discussed in detail 
under Fabrication. Its contribution to 
safe construction in the case of non-air- 
bardening steels is debated mainly on the 
basis that many unstress-relieved ves¬ 
sels have given many years of satisfactory 
service. As already pointed out, reason¬ 
able safety in pressure equipment is asso¬ 
ciated with complete, not average, safety. 
Admitting that adequate stress relief is 
commonly effected on thin vessels by the 
code hydrostatic test, nevertheless the 
possibility of opening up or initiating 
flaws in highly stressed areas cannot be 
ignored. With more severe service the 
issue is clearcut in favor of initial stress 
relief before the application of pressure 
or other loading in appreciable magnitude. 

1 o this must be added the greater free¬ 
dom from accelerated corrosive attack in 
heat-affected zones or the general hazard 
of stress corrosion. 


Vessels are supported in many ways all 
of which introduce localized effects, and 
the resulting direct, bending or secondary 
stresses should be explored and main¬ 
tained at the level established directly or 
indirectly for similar stress. 

Direct loading equally distributed 
around the circumference is most favor¬ 
able, the nearest approach for vertical 
vessels being skirt supports which when 
fillet welded to the shell introduce bend- 
ing similar to a lap girth joint or when 
welded to the knuckle portion of the 
head introduce bending in proportion to 
the load component normal to the surface 
at the point of attachment. Such bending 
stresses are at a minimum when a gener¬ 
ous knuckle radius is used and when the 
mean diameter of the vessel shell and 
skirt coincide. Comparably favorable de¬ 
sign is possible with ring girders or 
band reinforcings which are used to 


spread the concentrated support reactions 
and minimize their effect on the re¬ 
mainder of the vessel. Next favorable 
would be infinitely rigid legs or combined 
lugs and supports which would take the 
total bending moment caused by the ves¬ 
sel weight without rotation. In practice, 
most legs or the beams of supporting 
structures are much less rigid than the 
vessel shell, which, therefore, carries 
essentially the entire bending effect. 
Spreading the area of attachment and 
local reinforcement reduces induced 
stresses. For horizontal vessels, lugs and 
hangers or legs are sometimes used, but 
more often saddles, usually free but some¬ 
times integral with the shell are em¬ 
ployed. The bending moment from lugs 
and legs can be minimized by locating the 
center-line of the support to coincide with 
the mean radius of the shell at the point 
of tangency, and further by locating the 
supports at a head or other point of en¬ 
hanced circumferential stiffness. Prop¬ 
erly fitted saddles cause longitudinal 
bending along the curved edges, and cir¬ 
cumferential bending at the ends. The 
former is controlled by saddle area and 
arc, the latter by saddle width and arc, 
pincipally the arc, so that a 120 deg. mini¬ 
mum angle is usually necessary unless 
shell thickness in excess of pressure re¬ 
quirements is available. 

When supporting vessels containing 
fluids at high temperatures, adherence to 
surfaces of revolution is most effective in 
minimizing the effect of temperature dif¬ 
ferences introduced by heat loss at the 
supports. Due to the continuous metal 
structure, insulation is not very effective 
in controlling temperature differences, 
serving rather to equalize conditions 
around the circumference. Accordingly, 
skirts are the preferred construction, hav¬ 
ing the added advantage of permitting 
control of temperature at the steel or con¬ 
crete supporting structure so that move¬ 
ment or damage will not result. Surfaces 
of revolution can absorb axial tempera¬ 
ture gradients without stress except for 
end restraints, which are proportionate to 
the gradient; while flat plates, etc., are 
completely restrained with maximum 
stress. This accounts for distortion and 
cracking in lugs and their attachment 
welds, so that even local attachments are 
preferably made of pipe. For service at 
high temperatures, horizontal vessels are 
preferably avoided, or, when necessary, 



PRESSURE VESSELS AND BOILERS 


1179 


rollers, hangers or similar construction to 
permit free axial expansion should be 
used. 

Comparison of Design Requirements 

of the ASME and API-ASME Codes. 

Table 3 presents in tabular form a com¬ 
parison of the principal design require¬ 
ments of the ASME Unfired Pressure 
Vessel and API-ASME Unfired Pressure 
Vessel Codes. The reader is cautioned 
to consult the Codes directly for specific 
information, since a tabulation such as 
this cannot be all inclusive. 

FABRICATION 

General 

While welded vessels, particularly those 
of light wall thickness, may be fabricated 
with very little equipment, specialized 
equipment, skilled workmanship and 
proper organization are necessary if welds 
are to be favorably located, distortion, fit- 
up and mechanical working controlled 
and residual stresses minimized. 

• 

Plate Layout and Preparation for 

Forming 

The designer establishes the plate lay¬ 
out for a vessel on the basis of considera¬ 
tions of minimum welding, avoidance of 
seams at connections, shop equipment 
limitations and overall economics (weld¬ 
ing cost vs. plate extras). To minimize 
accumulation of tolerances on measure¬ 
ments, a base reference plane should be 
established (usually at the point of sup¬ 
port on vertical vessels and at an arbi¬ 
trary location for horizontal vessels) and 
all nozzles, manholes and other attach¬ 
ments are located from this single plane. 
In laying out plates, the squareness should 
be checked and allowance made for weld 
shrinkage. Also when hot forming or 
high-temperature treatment is involved, 
allowance should be made for oxidation 
loss. Light-walled vessels are often laid 
out with openings cut in a flat plate. 
Complex or heavy-walled vessels usually 
require layout on the fabricated cylinder 
before heads are attached. 

Single plate courses are generally 
chamfered before forming for welding. 
On hot-formed heavy plate, the circum¬ 
ferential edges are sometimes machined 
after forming to improve fit-up to ad¬ 


jacent courses. On multiple plate courses 
or large spun heads, two or more plates 
are often welded together before forming. 
For pressed shells successive increments 
are closely marked, so that with each 
operation, twisting will be avoided. 

Plates rolled before chamfering should 
be free of shear pinch, cutting irregulari¬ 
ties or other defects which might propa¬ 
gate during bending. Scarfed edges must 
be uniform, smooth and square if satis¬ 
factory welded construction is to be ob¬ 
tained. 

Forming 

Forming by pressure, not blows, is the 
accepted practice to avoid hammer marks 
and accompanying residual stress. In 
general, cold forming is employed within 
the capacity of available equipment and 
has the advantages of closer dimensional 
tolerances, absence of oxides, lower cost, 
and less expensive and longer lasting 
dies. Hot forming, in addition to requir¬ 
ing lower power as a result of reduced 
yield strength, permits more severe work¬ 
ing in a single operation, and with suffi¬ 
cient temperature removes grain distor¬ 
tion by recrystallization and also, with 
uniform cooling, effects stress relief. The 
limits for deformation in one operation 
of hot or cold forming are not well estab¬ 
lished and are reduced with size and com¬ 
plexity much below values obtained on re¬ 
latively small test specimens. Cold work 
raises the yield point, reduces the duc¬ 
tility and shock resistance, increases sus¬ 
ceptibility to aging and apparently in¬ 
creases the hazard of welding cracks. 
Stress relief improves ductility and 
shock resistance. Complete heat treat¬ 
ment is advised after severe cold work to 
restore normal structure. In heating for 
forming, temperature and time at tem¬ 
perature must be controlled to avoid grain 
coarsening and oxidation. Local heating 
and forming usually involve possible flaw 
propagation due to temperature and form¬ 
ing load stresses, and distortion. It also 
results in residual stresses. Most of the 
operations mentioned in the following can 
be performed either hot or cold. 

Flat plates are usually made cylindrical 
by means of bending rolls; presses and 
press brakes are also used. In bending a 
cylinder on rolls the area adjacent to the 
longitudinal edges is not curved to the 
required degree. To overcome this con¬ 
dition, the longitudinal edges of the flat 
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plate are pressed to curvature either on 
a press or in the rolls working over a 
heavy plate which has the desired radius. 
Circularity may be further improved by 
rerolling after longitudinal welds are 
completed, particularly if done hot. 

Cones of small included angle are often 
formed on cylinder bending rolls, and 
with rerolling after forming, steeper cones 
are satisfactorily shaped. As the cone in¬ 
cluded angle increases, use must be made 
of cone rolls, pressing or spinning (sim¬ 
ilar to heads). Torii may be assembled 
from pressed sections separate from the 
cone or shell plates, or from sections in¬ 
tegral with the cone. Lately equipment 
has become available for bending large 
diameter cylinders, similar to pipe bends. 
Spheres are usually assembled from 
pressed sections, although in smaller 
sizes, hemispheres are shaped by spinning 
(similar to heads). 

Small diameter thin heads are often 
stamped, while those of somewhat larger 
size are cold pressed or hot pressed. 
Fabrication shops often form large heads 
for field-fabricated vessels or two-piece 
heads for smaller vessels on so-called 
sectional flanging and dishing presses. 

Special forming operations required for 
various parts of pressure vessels are : flu- 
ing for integral nozzle construction or 
manholes, upsetting of plate edges, van- 
stone laps for furnaces and glass-lined 
vessels, swaging on double shell (jack¬ 
eted) vessels, corrugating flues, etc. 

Preparation for Welding 

Surfaces should be examined for laps, 
slivers, rolled-in scale, pits, etc., and both 
the surface and edges of plates visually 
inspected for evidence of laminations. 
Plates must be square and to dimension. 
Adjustment of circumference or com¬ 
pensation for irregular edges by variation 
in root opening should be avoided. 
Proper allowance must be made for weld 
shrinkage. 

W elding grooves, wherever possible 
should be machined (planed or milled in 
flat; turned or milled on cylinder girth 
seams) or machine oxygen cut to provide 
a straight, uniform, smooth contour for 
welding. On sheared edges, sufficient 
metal should be removed in subsequent 
scarfing to assure freedom from shear 
drag and tears. Direct bevel shearing of 
scarfed edges is not considered good 


practice. Welding edges may also be 
formed by cold or hot rolling the plate 
edges to the desired shape. 

Irregular edges are chamfered by chip¬ 
ping or manual or portable machine oxy¬ 
gen cutting, and should be carefully laid 
out using templates wherever possible, 
particularly on nozzle openings. Groove 
contours should be carefully and continu¬ 
ously checked with gages, and inaccura¬ 
cies corrected by grinding to remove ex¬ 
cess metal, while excessive width calls for 
building up and stress relieving the de¬ 
ficient area, subsequently chipping or 
grinding to contour. 

On air-hardening materials, with car¬ 
bon over 0.30%, or low-alloy steels, or on 
very thick carbon steel, oxygen grooving 
is not desirable since rapid cooling hard¬ 
ens the edge and, at locations where the 
cutting operation is started, cracking due 
to thermal shock may occur. Where such 
material is shaped by oxygen cutting the 
hardened edge to a depth of Vie to Vs in. 
should be removed by grinding and the 
possibility of thermal shock reduced by 
preheating. 

Some conventional types of weld 

grooves are shown in Fig. 5. 

Assembly 

The economic advantage of employing 
surfaces of revolution in the construction 
of pressure vessels, with principal 

stresses as direct tension or compression, 
has been pointed out. Deviations from 
true shape superimpose bending stresses 
on direct stress, with possible yielding 
under test or in service. These deviations 
occur as non-uniformity of radius at a 
cross-section, or as random interruptions 
(not axially symmetrical) in a pressure 
shell and are the result of inaccurate 
forming and assembly, or welding shrink¬ 
age and non-uniform heating or cooling 
during heat treatment. Plastic flow, 
usually of a low order, will correct faulty 
curvature, except in areas where the 
radius changes abruptly, flat areas of ap¬ 
preciable width and areas of reverse cur¬ 
vature, where considerable yielding may 
be required. Such yielding continues 
until the affected portion assumes a 
stronger shape or, in extreme cases, to 
failure. In any event the excepted cases 
constitute weakness against shock or 
fatigue loading. 

True circularity at the plate edges will 
reduce the plastic deformation imposed on 
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the heat-affected zone and deposited metal 
of longitudinal welds. Minimizing radial 
shrinkage by welding technique and re- 
rolling after longitudinal welds are com¬ 
pleted will be similarly beneficial and will 
provide reasonably true cylinders for 
matching up at girth seams. Distortion 
as well as residual stress are further re¬ 
duced by planning the assembly of each 
pressure vessel so that welds can be made 
under a minimum restraint. For example, 
light-walled vessels are often completely 
assembled and tacked so that welding can 
proceed from seam to seam, resulting in 
restraint against free circumferential 
movement when the longitudinal welds 
are made and in higher residual stress at 


taining correct root spacing and align¬ 
ment of edges. Some of these are tack 
welded to one or both plates, others em¬ 
ploy friction from the loading of bolts or 
wedges. Tack welds or clamps are 
usually removed as welding is sufficiently 
completed. For alignment of girth seams, 
the shell courses are lined up by clamps 
although internal spiders at the end of 
each course are much more effective in 
minimizing offset. For proper fit-up at 
heads, the heads and shell must have the 
same circumference. Also the head flange 
thickness must be checked for excess 
thickness. 

Localized distortion should be corrected 
by jacks and struts, instead of liammer- 
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Fig. 5.—Typical Grooves for Welding Pressure Vessels 


weld intersections. Better quality fab¬ 
rication, essential to heavier wall con¬ 
struction, requires longitudinal welds to 
be completed in individual courses, 
usually followed by stress relief or hot 
rerolling before girth seams are deposited, 
thus eliminating any possible accumula¬ 
tion of weld stresses at intersections. 
Radiographic examination of longitudinal 
seams, when required, is desirable before 
welding the girth seams so that any 
necessary repairs can be made under most 
favorable conditions. 

Plate edges at longitudinal seams are 
carefully aligned and tacked, or to avoid 
possible flaws at tack welds, various types 
of clamps are used which assist in main- 


ing and local heating. However, in the 
interest of economy and safety in service, 
distortion should be prevented wherever 
possible. Before jacking, and in general 
where welding or other operations have 
accumulated stress or noticeable distor¬ 
tion, stress relief is necessary. Such in¬ 
termediate stress relief need not adhere to 
code requirements as to soaking time or 
heating or cooling rates, since partial 
stress relief usually is sufficiently effec¬ 
tive. Out-of-round tolerances are speci¬ 
fied in both the ASME and API-ASME 
Codes as well as tolerances for plate mis¬ 
alignment at seams. 

The vessel shell should be carefully 
prepared with accurate holes for nozzle 
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attachments and integral or loose rein¬ 
forcing pads should fit the shell surface as 
accurately as possible. Since most nozzle 
welds are between rigid components, a 
backstep sequence is often employed to 
minimize stress accumulation, and the 
peening of each weld layer is sometimes 
considered effective in further reducing 
locked-up stress. 

Chip ping , Grinding and Oxygen Goug¬ 
ing — Repairs .—Finished weld quality is 
greatly dependent on properly cleaning 
and chipping each layer before successive 
layers are deposited and the ability and ex¬ 
perience of personnel performing these 
operations should be equal to that of the 
qualified welders with whom they are 
teamed. Such preparation is performed 
by chipping, grinding and oxygen goug¬ 
ing with emphasis on smooth, uniform 
contour and thorough removal of ques¬ 
tionable areas. 

Satisfactory chipping necessitates tools 
of adequate material properly heat treated 
and ground. Chisels and gouges must be 
of proper width and shape for the size 
and shape of the groove. Expert chip¬ 
ping is essential for quality welding and 
is of inestimable value in minimizing re¬ 
pairs. Grinding is mainly employed as an 
adjunct to chipping, particularly in 
smoothing out or blending contours. It 
is also useful in restricted areas being 
probed for defects, in finishing welds 
where the reinforcement is to be removed 
and in removing undercuts. 

Oxygen gouging is, to an even greater 
extent, dependent on the ability of the 
operator if uniform, satisfactory results 
are to be obtained. It is well adapted to 
preparation of complete seams or exten¬ 
sive areas for butt welding and is used to 
gouge out defects in the repair of welds. 
However, oxygen gouging has been some¬ 
what limited in use for repairs due to its 
tendency to propagate cracks. 

With radiographic examination, repairs 
become an important factor in the qual¬ 
ity and economy of the finished weld. 
Procedure control, equipment mainte¬ 
nance and continuous checks on operators 
are necessary to minimize the necessity 
for repairs. Experienced interpretation 
of radiographs and skilful exploration of 
the selected areas for location of the de¬ 
fects will limit the extent of the repairs, 
and therefore will aid in preserving the 
original contour of the weld. 


Welding Processes 

General. —Arc-welded joints of high 
quality are easily secured by many differ¬ 
ent processes permitting selection to suit 
the nature of the work. 

All of the present-day welding pro¬ 
cesses are used to varying degrees in the 
construction or repair of pressure vessels, 
boilers and their attachments. Funda¬ 
mentals and techniques are covered in 
Chapters 4 to 22; and the following com¬ 
ments cover applications, limitations and 
details. 

Metal-Arc Welding .—The shielded 
metal-arc welding process using multiple 
layers, is predominantly used in pressure 
vessel fabrication, particularly in heavy- 
walled construction. 

The best accepted practice in shop fab¬ 
rication of pressure vessels is the use of 

the E6020 and E7020 or E6030 and 
E7030 electrodes in the flat position, 
which yield the highest quality deposit 
with the greatest deposit rate. See Chap¬ 
ter 10 for further information on the 
fundamentals of this process. 

Submerged Arc Welding .—This process 
automatically feeds a bare electrode 
through a powdered flux, which under the 
heat of welding produces a slag protec¬ 
tion for the molten metal and covers the 
arc. The process is rapid and has been 
used with two or more passes in plate 
thicknesses of 2 in. or more. The me¬ 
chanical properties reported for welds 
made by this process satisfy the various 
code requirements for high-tensile, 70,000 
psi. plate as well as for 55,000 psi. plate. 
With the usual heavy passes, there is a 
tendency to draw out plate defects into 
the weld, so that fully-killed steel is gen¬ 
erally preferred. 

Submerged arc welding may be used 
for multilayer welds also, and some fab¬ 
ricators use it in this manner for heavy 
plate sometimes limiting each pass to ap¬ 
proximately V* inch. This serves to 
break up the pronounced cast structure, 
with its possible weakness against shock 
or fatigue, which is characteristic of the 
thick layers. See Chapter 13 for infor¬ 
mation on the fundamentals of this proc¬ 
ess. 

Atomic Hydogen atvd Inert-Gas Metal- 
Arc Welding .—Atomic hydrogen and in¬ 
ert-gas metal-arc welding find their prin¬ 
cipal use on high alloy steels, nonferrous 
alloys and for special applications where 
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increased cost is offset by other consid¬ 
erations. 

Shielded Carbon-Arc Welding. — 
Shielded carbon-arc welding due to its 
slow speed and high heat input, af¬ 
fords good control of the weld dimensions 
and penetration and finds application on 
light-walled carbon and alloy steel ves¬ 
sels. Shielded automatic carbon-arc 
welding produces welds conforming to 
highest quality code construction and, 
contrary to popular impression, the car¬ 
bon content of the weld is reduced rather 
than increased provided straight polarity 
is used. The practical thickness limit is 
about */a in. and in this thickness the 
weld may be made in two passes, one 
from each side. See Chapter 9 for fur¬ 
ther information on the fundamentals of 
this process. 

Oxy-Acetylene Welding. —Oxy-Acety¬ 
lene welding may be used in the construc¬ 
tion of pressure vessels of limited thick¬ 
ness, and good quality weld metal is ob¬ 
tained by properly trained operators. Gas . 
welding is particularly suitable for the 
butt welding of small tubes and pipe and, 
with skilled manipulation of the welding 
torch and proper design of the welding 
groove, thorough penetration may be ob¬ 
tained at the root of the weld without the 
use of a backing ring. Oxy-acetylene 
welding supplies its own preheat and re¬ 
sidual stresses may therefore be lower but 
distortion generally is greater than for 
metal-arc welding. See Chapter 5 for 
further information on the fundamentals 
of this process. 

Resistance Welding. —Spot, seam and 
flash welding are used in superheater and 
flanged nozzle fabrication, the attachment 
of liners, also girth seams and the pro¬ 
gressive welding of longitudinal seams on 
small non-code pressure vessels. Where 
a large number of similar parts is to be 
welded, these processes offer the advan¬ 
tages of economy and speed. For pres¬ 
sure vessel application, they are gener¬ 
ally limited to relatively small diameters. 
See Chapters 16 and 17 for further in¬ 
formation on the fundamentals of these 
processes. 

Brazing. —Brazing finds only limited 
use on pressure vessels. It is confined 
mainly to the construction of small thin- 
walled vessels which are production items 
for mild service conditions. Section 
VIII Unfired Pressure Vessels, of the 
ASME Boiler Code, contains rules for 


brazed vessels of ferrous materials but 
not for nonferrous vessels. Under these 
rules many small air tanks, V™ in. or less 
in thickness with diameters to 24 in., may 
have a brazed longitudinal joint. The 
brazing is generally performed in a fur¬ 
nace using a lap joint with a minimum 
lap of eight times the plate thickness. 
Since the circumferential welds of the 
head are arc welded with steel filler 
metal, it is necessary to arc weld a short 
length at each end of the brazed seam 
prior to brazing. This also aids in hold¬ 
ing the shell for the brazing operation. 
For more detailed information on brazing 
see Chapter 22. 

Qualification of the Welding Pro¬ 
cedure and Welders 

In order to check the adequacy of the 
joint details and technique, the various 
codes and the American Welding So¬ 
ciety have adopted standard tests for 
qualifying welding procedures and weld¬ 
ers. The codes have established certain 
minimum requirements, but in keeping 
with the manufacturer’s responsibility, it 
is expected that he will conduct such ad¬ 
ditional tests as may be necessary to as¬ 
sure welds of the required quality. 

The ASME Boiler Code for U-69, 
U-70 and U-201 vessels specifies that 
qualification be in accordance with Sec¬ 
tion IX of the Code, which essentially 
follows the American Welding So¬ 
ciety’s Standard Qualification Procedure 
with modifications to cover certain alloy 
steels. For U-68 and U-200 vessels and 
for power boiler drums this same code 
provides that vessel test plates be made 
as noted in Table 2, and that the welding 
and testing of these test plates constitute 
continuous qualification of the welding 
procedures and the welders. The API- 
ASME Code requires qualification of 
procedure and welder in accordance 
with the American Welding Society’s 
Standard Qualification Procedure and in 
addition requires a test plate for each ves¬ 
sel or group of small vessels. (See 
Chapters 45 and 60.) 

Neither code as yet contains specific 
requirements for the qualification of auto¬ 
matic welding. It is recognized that 
some modification of the present rules 
for manual welding should be made to 
establish limitations of the variables, 
which can affect the quality of the 
finished weld and also to define the oper- 
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ator and his qualification requirements. 
In the absence of specific requirements in¬ 
spection agencies and manufacturers gen¬ 
erally apply code rules for manual weld¬ 
ing to automatic welding as far as ap¬ 
plicable. 

Test Plates .—As noted in the preceding 
section the ASME Code requires a ves¬ 
sel test plate for boiler drums and for 
U-68 and U-200 vessels; vessel test plates 
are not required for U-69, U-70 or U-201 
vessels. The API-ASME Code requires 
a test plate for each vessel or group of 
small vessels. The detail test require¬ 
ments are summarized in Table 2. The 
test plate should preferably be welded as 
a continuation of a longitudinal joint but 
this is not mandatory. 

There is considerable feeling that, if 
the procedure has been once qualified by 
adequate tests and the vessel seams are 
examined by complete or reasonable spot 
radiographing, vessel test plates could be 
omitted. Reluctance to accept this stems 
mainly from the fact that qualification 
tests are not witnessed by inspectors. 

Preheating 

On plain carbon steels preheat is gen¬ 
erally employed for heavy plate, and 
many fabricators favor warming up all 
thicknesses to avoid cracking on material 
having a high transition temperature 
(temperature at which large loss of im¬ 
pact resistance occurs). Warming up or 
preheating of air-hardening materials is 
essential to avoid thermal shock cracking 
with starting of the arc or application of 
the torch. With austenitic steels, opinion 
is more divided. However, most fab¬ 
ricators employ preheat on thicknesses 
over 7 2 inch. Preheat temperatures start 
at 100°F. with a more usual minimum 
of 200°F. for carbon and austenitic steels, 
and 300°F. to 800°F. for air-hardening 
steels depending upon their tendency to 
air harden and also upon operator com¬ 
fort, size of electrode used, thickness, etc. 

Preheating may be done by gas burners 
or by resistance or induction heating. 
Best practice is to bring the entire seam 
being welded up to the desired tempera¬ 
ture with perhaps a slight increase at the 
point of welding, particularly when using 
a preheat temperature over 150°F. 
Highly localized heating may introduce 
serious thermal stresses and nullify the 
benefit expected. The heating should be 
maintained during welding and in the case 


of the chrome-moly steels (above 1 /*% 
chromium) the weld should not be al¬ 
lowed to cool during welding or until it 
has received its postweld heat treatment. 
(See also Chapter 43.) 

Peening 

Peening produces mechanical working 
of the weld metal by mechanical blows 
and is often used on low-carbon steels 
with beneficial results to control distor¬ 
tion and effect a limited measure of stress 
relief. It is usually not used on alloy 
steels which work harden readily. 

Peening is generally done with a pneu¬ 
matic hammer. The tool should be 
smooth faced. Spherical tips with about 
Vio-in. radius are sometimes used while 
flat-faced tools with about a 3 / 8 in. by 
3 /,-in. face with edges rounded to about 
7io in. have given good results. Peening 
is usually not done on the first two root 
passes or on the cover pass. 

The API-ASME Code permits the 
. substitution of controlled peening for 
thermal stress relief in the case of large 
field-assembled vessels. However, it is 
considered by some not to be an equally 
effective substitute. (See Chapter 43.) 

Finishing of Welds 

Welds not subject to radiographic or 
other quality examination are generally 
left as deposited. The weld reinforcement 
(approximately 7s in.) should be kept 
within the limits of the regulations and 
the weld should merge smoothly into the 
base plate to avoid stress concentrations 
at the edges of the weld. When the 
welds are to be radiographed, surface ir¬ 
regularities which may interfere with 
proper interpretation of the radiographs 
must be removed and it is recommended 
that the reinforcement on both sides of 
the weld be chipped, and ground substan¬ 
tially flush with the surface of the plate. 

In addition to aiding interpretation of 
films, such finishing greatly improves 
operating stress conditions. The ASMF 
Code permits an increase of 5% in joint 
efficiency for construction conforming to 

Pars. U-68, U-200, P-101 and P-102 re¬ 
quiring removal of reinforcements. When 
finishing welds flush it is important to 
grind so as to eliminate the slight sharp 
corner which may be present at the toes 
of the weld. This is sometimes not done 
because of the danger of reducing t ie 
basic wall thickness. 
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Welds which are to be inspected by 
magnetic powder or penetrant oil should 
be ground, if the inspection is to produce 
optimum results. 

Relief of Residual Stress 

Residual stress refers to the stress 
existing in an assembly which is free 
from external load; the term stress relief 
may be applied to any means for substan¬ 
tially reducing such stress. It may be 
thermal, mechanical or a combination of 
both. 

Ostensibly the most important reason 
for stress relieving is to reduce residual 
stresses sufficiently so that, in combina¬ 
tion with service stresses, the reduced 
residual stresses cannot cause the brittle 
failures which might otherwise occur. 
Stress relieving is commonly thought to 
be particularly valuable for vessels sub¬ 
ject to cyclic loading. Thermal stress re¬ 
lief is known to greatly reduce the haz¬ 
ards of stress-corrosion and corrosion- 
fatigue. 

For adequate stress relief, it is neces¬ 
sary that a vessel he relatively free to 
adjust itself under the action of the re¬ 
sidual stresses, since retained strain can 
be reduced in magnitude only by plastic 
flow. This reduction can be accom¬ 
plished mechanically by superimposing 
additional strain through external or in¬ 
ternal loading and/or thermally by reduc¬ 
ing the yield strength of the material, 
d he modulus of elasticity and yield 
strength of most materials decrease with 
increasing temperature; only when the 
latter decreases more rapidly than the 
former is stress relief effected by tem¬ 
perature change alone. However, when 
the influence of time is combined with 
that of temperature, plastic flow occurs at 
stresses well below the yield strength due 
to creep or relaxation, the rate of flow 
being a function of both the stress level 
and time. Moderate heating sometimes 
produces a greater amount of stress re¬ 
lief than can be explained by decreased 
yield strength/modulus ratio or by re¬ 
laxation. 

The usual stress relief temperatures for 
carbon steels vary from 1100 to 1250°F. 
although lower stress-relief tempera¬ 
tures down to 900°F. are used where 
higher temperatures are not feasible. 
Corresponding soaking time is 1 hr. per 
in. of thickness at 1100 to 1250°F. and 
10 hr. per in. at 900°F. Typical stress 


relieving temperatures and times for 
steels are given in Table 7. 

The wide range shown for 18% Cr-8% 
Ni covers, at the higher temperature, the 
view of those who insist that adequate 
reduction in yield strength and relaxation 
requires temperature of this magnitude, 
while the more often used lower tempera¬ 
ture is justified by others by the fact that 
cold work is rapidly removed at this 
lower figure. Faster heating and cooling 
rates could logically be used for simple 
vessels, while complex vessels with many 
manholes, nozzles, etc., can withstand 
little non-uniformity in temperature with¬ 
out yielding. For heavy thicknesses or 
complicated assemblies, one or more in¬ 
termediate stress reliefs are often used to 
avoid possible failure during fabrication. 


Table 7—Typical Stress-Relief 

Treatments 

Heat 


Holding 

Soaking 

Time, 

Hrs./ln. 

Material 

Tempera¬ 

ture, °F. 

Thickness 

Carbon steel 

1100-1250 

1 

Carbon- 1 /a% Mo 
(0.20% C) 

1100-1250 

2 

Carbon-Va% Mo 
(0.3 5% max. C) 

1250-1400 

2 

2% Cr-'/i>% Mo 

1325-1375 

> 

2V«% Cr-1% Mo 

1350-1400 

3 

5% Cr-V l*% Mo 

1350-1400 

3 

12% or 16% Cr 

1425-1475 

2 

1S% Cr-8% Ni 

1200-1500 

4-2 


Note: Heating rates are generally less than 
40o°F. per hour with less than 200°F. per hour 
being used for austenitic steels and usually for 
chronic moly. and straight chrome steels. Cool¬ 
ing rates are generally not more thnVi 200°F. 
per hr., with lower values for alloy steels. 

Many fabricators have large furnaces 
permitting stress relief of complete units ; 
large vessels arc sometimes heated by the 
circulation of hot gases from flue gas 
generators, with or without recirculation, 
or from burners within the vessel. For 
long vessels, the codes permit stress relief 
of alternate halves with prescribed over¬ 
lap or in sections with local stress relief 
of final girth welds. Progressive stress 
relief by moving a vessel through a fur¬ 
nace, or by moving a furnace along a 
hearth on which the vessel rests, has been 
used. 

Local stress relief is employed where 
the vessel size is beyond the furnace 
capacity and is effective in proportion to 
the application and control details. In 
addition to greater possibility of uneven 
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heating, it involves thermal gradients 
around the boundary of the heated area, 
which introduce stresses into both the 
boundary and heated zones. These can 
be controlled by limiting such heating to 
complete circular bands of adequate width 
(minimum 12 times plate thickness) and 
by avoiding excessive axial temperature 
gradients by the use of insulation and/or 
the gradual reduction in heat input, with 
a maximum gradient of 200°F. along the 
shell. The ASME Boiler Code at one 
time contained provisions for stress relief 
of nozzles by heating a localized area 
around the nozzle, but adverse experience 
led to its withdrawal. (See Chapter 43 
for a further discussion of stress relief.) 

INSPECTION 



The purpose of inspection is to give as¬ 
surance of compliance with code and 
specification requirements, by enforcement 
and interpretation of such rules in the 
light of experience beyond that of a single 
manufacturer. Experienced visual inspec¬ 
tion contributes much to safety and can 
be made more effective when supple¬ 
mented by other examinations such as 
radiography, magnetic particle examina¬ 
tion, sectioning, fluorescent penetrant oil 
examination, supersonic and ultrasonic 
testing and etching. The selection of any 
method and the extent of its use usually 
depend on the intended service and indi¬ 
vidual opinion on the hazards attendant 
upon undetected flaws. 

Visual Inspection 

To be effective, visual inspection should 
be made during all stages of fabrication, 
particularly welding edge preparation and 
fit-up, and should also include a check of 
the materials and design. Sand or shot 
blasting is an excellent aid in the surface 
inspection of heavy plate as adhering mill 
scale often hides imperfections such as 
scale pits, rough areas or surface laps. 
Procedure and welder qualifications 
should be assured and the welding opera¬ 
tion carefully observed for proper adher¬ 
ence to the welding procedure. On seams 
which are not to be radiographed and for 
all nozzle welds cleaning and chipping 
should be emphasized, with particular at¬ 
tention to the first layer or root pass. 
The surface finish of the weld should be 


• 

checked and areas which might serve as 
stress raisers such as undercut, overlap or 
excessive reinforcement should be re¬ 
moved. The appearance of a completed 
weld yields some information on oper¬ 
ator’s ability to an experienced inspector, 
but obviously more than surface inspec¬ 
tion is necessary to assure soundness of 
welds. Observations made during the 
actual welding are a minimum requisite 
for reasonable evaluation of weld safety. 
One of the most difficult decisions for an 
inspector is what remedial measures to 
sanction for repairs to correct an unsatis¬ 
factory condition, and here he must rely 
to a large extent on experience and 
sound judgment, since code rules cannot 
provide such detail guidance. 

Radiographic Inspection 

Radiographic examination involves the 
use of radiation from specially constructed 
industrial X-ray machines, or the use of 
gamma rays from a capsule of radium. 
The processing and interpretation of the 
photographic films obtained from such 
examination requires much skill and ex¬ 
perience to obtain, first, adequate inter¬ 
pretation and, second, maximum benefit 
from the examination. Radiographing 
has done much to develop and establish 
confidence in fusion-welded pressure ves¬ 
sels and, while it still remains by far the 
most reliable method of determining weld 
soundness, it has certain limitations. 
Tightly compressed separations in any 
orientation and cracks which lie in a 
plane perpendicular to the rays may 
escape detection. This inspection method 
is also not sufficiently sensitive for the 
detection of micro cracks which some¬ 
times occur in weld deposits. 

The radiographic technique used is re¬ 
quired by the ASME Boiler Code and the 
API-ASME Code Rules to detect defects 
equal to or greater than 2% of the plate 
thickness, as checked by the use of a 
standard penetrameter with each expo¬ 
sure. The penetrameter consists of a thin 
metal strip of material similar to the base 
plate not exceeding 2°7c of the weld thic - 
ness and containing three small holes (o 
diameter equal to two, three and four 
times the penetrameter thickness, respec 
tively; Vie in. min. for X-rays and U in. 
min. for gamma rays). The greater e 
sharpness of the image and the contrast, 
the greater will be the probability o e 
tecting cracks, which are by far t e mos 
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detrimental weld defects. Using good 
technique and the proper film, it is pos¬ 
sible to attain sensitivities with X-ray 
better than 2%, at least in thicknesses up 
to 1 inch. Because of this some fab¬ 
ricators use fast film where this will 
satisfy the code, even though the use of 
slower film would result in greater sensi¬ 
tivity. 

X-ray machines up to two million volts 
are available, with which it is economi¬ 
cally practicable to examine welded joints 
6 in. or more in thickness; 200,000- to 
400,000-volt machines are most common. 
It is difficult to compare the merits of 
X-rays and gamma rays since both have 
optimum fields of application. Radium 
has the advantage of being portable and is 
suitable for extremely heavy thicknesses 
and locations and shapes which are un¬ 
suited to a standard X-ray machine. For 
general pressure vessel applications, par¬ 
ticularly in thicknesses up to 2 X U in., the 
X-ray is preferred because of sharper 
definition, greater contrast, greater speed 
of examination and reduced cost. 

The following briefly outlines ASME 
Code acceptance standards for completely 
radiographed welds : (for details see Par. 
P-102(h)(12) of the ASME Power 
Boiler Code, Par. U-68(h)(12) of the 
ASME Unfired Pressure Vessel Code 
and Par. W-524 (i) of the A PI-ASME 
Code). 

L All welds containing cracks or 
zones of incomplete penetration are not 

acceptable. 

2. Inclusions or cavities are accept¬ 
able if not greater in length than 1 /sT 
(T is the plate thickness) or a / 4 in. and 
the sum of their longest dimensions 
does not exceed T in a length of 127\ 

3. Porosity in welds is judged as ac¬ 
ceptable or not acceptable by compari¬ 
son with a standard set of radiographs. 

For Par. U-201 vessels subjected to 
spot radiographing the ASME Boiler 
Code liberalizes the minimum acceptance 
standard by allowing twice as much po¬ 
rosity and inclusions up to */zT. 

Radiographic examination of welds in 
nozzle attachments on radiographed ves¬ 
sels is not required by code rules unless 
they are of the inserted butt-welding type 
since radiographed welds of other types 
of nozzles cannot be clearly interpreted. 
Up to the present, no substitute examina¬ 
tion has been specified to assure nozzle 
welds of comparable safety to main seam 


welds. (See Chapter 42 for further in¬ 
formation on inspection methods.) 

Magnetic Particle Examination 

The magnetic particle method is some¬ 
times specified for nozzle welds which 
cannot be radiographed and also as a 
supplementary examination for welds 
which are radiographed. The State of 
Ohio requires such supplementary exam¬ 
ination of main seams of boiler drums. 
Minute surface cracks which may not be 
detected by X-ray can be detected by this 
method. Subsurface defects also may be 
located depending on their magnitude, 
shape and distance below the surface. 
This type of examination is especially 
useful for checking the root of a weld 
after chipping or repair cavities for re¬ 
moval of all defects preparatory to re¬ 
welding. It is not applicable to nonmag¬ 
netic materials. 

For magnetization, direct-current mag¬ 
netizing current is generally used in pres¬ 
sure vessel applications, being superior to 
a.c. in detecting subsurface defects. Full 
wave, rectified a.c. with an initial surge 
of higher current is used ; half-wave rec¬ 
tified current is a later development. 
The dry powder method is commonly con¬ 
sidered superior to the wet method for 
subsurface flaws. 

As in radiographic examination, prop¬ 
erly developed technique and skilful in¬ 
terpretation are essential. Controlled 
sensitivity to suit each application will 
avoid on the one hand failure to locate 
flaws and on the other hand false indica¬ 
tions (ghost lines). A disadvantage of 
this method is that abrupt changes in 
structure, composition or similar effects 
which influence the magnetic field give 
the same indications as flaws. For fur¬ 
ther information see Chapter 42. 

Fluorescent Penetrating Oil 

The use of fluorescent penetrating oil 
is a comparatively recent development. It 
is suitable for detection of surface defects 
only and may be used on any material. 
On magnetic materials the use of the 
magnetic particle method is preferred. 
The penetrating oil will enter an opening 
of 4 microns. After application of the oil 
and removal of excess from the surface, 
the surface is examined under ultra-violet 
light. The method is particularly suited 
to the detection of micro cracks in welds 
and has also been used in lieu of liner 



1188 


APPLICATIONS 


t 


tightness tests, in the inspection of welds 
made in attaching corrosion-resistant lin¬ 
ings. 

Other Methods 

Surface inspection of welds is some¬ 
times made by grinding, polishing, acid 
etching and then examining with a low- 
power magnifying glass. An alternative 
method is to wipe the surface with a 
volatile liquid such as naphtha, and after 
the surface is evaporated dry, to dust 
with talc or other hygroscopic powder. 
This draws the liquid from the flaw as a 
wet line or area. 

New developments such as supersonic 
and ultrasonic testing, while not in general 
use, show promise and may find a place 
in these applications. 


Testing of Completed Vessels 

The practice of subjecting a completed 
vessel to a test which will produce stress 
somewhat above the design maximum is 
an established safety measure of long 
standing. The principal objective aside 
from the detection of leaks is to give 
some assurance of the absence of serious 
defects in workmanship, materials and 
design. The test does not guarantee that 
the vessel will withstand subsequent ap¬ 
plications of the same pressure or that 
periodic applications of the lower service 
pressure might not produce failure. For 
reasonable assurance of safe construction 
other inspection for the detection of flaws 
is essential as outlined under Inspection. 

Hydrostatic Testing 


Spot Examination by Sectioning 

Random examination by the extraction 
of weld samples which are then sectioned, 
etched and examined has long been prac¬ 
ticed by insurance agencies and is now a 
recognized code method of spot examina¬ 
tion. The sample is generally obtained 
by trepanning a small plug, but special 
spherical saws are now available which 
remove a boat-shaped specimen, and the 
resulting cavity is more rapidl> r repaired 
by welding, with less risk of introducing 
a defect. Spot radiography is preferred 
over this method when facilities are avail¬ 
able because a greater portion of the seam 
is examined and it is non-destructive. 

Order of Quality Examination 

It is common practice to complete 
radiographic and other quality examina¬ 
tions before a vessel is stress relieved and 
tested. It might be expected that some¬ 
what greater assurance of soundness 
would be obtained if the welds were ex¬ 
amined subsequent to one or both of 
these operations. However, there is no 
evidence that stress relief or hydrostatic 
testing unduly propagate defects and eco¬ 
nomic considerations greatly favor the 
established practice. Examination as a 
final step entails additional preliminary 
radiography or additional stress relief and 
testing operations, with appreciably in¬ 
creased handling charges. If a welded 
seam is to be subjected to a forming 
operation examination should be made 
after forming. 


Practically all vessels are given their 
final test by means of hydrostatic internal 
pressure. The test for riveted vessels has 
long been standardized at 50% greater 
than the maximum allowable design pres¬ 
sure. When welded vessels were first 
sanctioned by the ASME Boiler Code, 
the test pressure was established at two 
times the maximum allowable working 
pressure (equivalent cold pressure in the 
case of a high-temperature vessel), this 
higher value being selected to increase the 
probability of bringing out defects and to 
better demonstrate the safety of welded 
construction to prospective users and 
authorities. The ASME Code still re¬ 
tains this test basis except for boiler 
drums which arc designed to the higher 
stress level now permitted, which are re¬ 
quired to be tested at I 1 /* times the maxi¬ 
mum allowable working pressure.* The 
API-ASME Code requires a test of 17* 
times the maximum allowable working 
pressure based on the weakest part of the 
vessel as fabricated, so that the resultant 
test pressure is higher when excess metal 
has been uniformly provided in the design 
for corrosion allowance or other reasons. 

Arguments in favor of high test pres¬ 
sures are the resulting greater stress re¬ 
lief and improvement in circularity. P 
posed to this view is the contention that 
high stress may propagate defects no 
detected in unradiographed vessels, w ic 
might remain dormant under lower stress. 


A uniform test requirement ° f J’ /2 - 
maximum allowable work pressure u 

considered. 


times 

now 
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Hammer Testing 

Vessels which have not been radio¬ 
graphed and stress relieved are required 
by both the API-ASME and the ASME 
Codes to be given a shock test as an addi¬ 
tional check for soundness of welds. This 
is accomplished by striking the plate with 
a hammer at 6-in. intervals on both sides 
of all welded joints. The weight of the 
hammer in pounds should be approxi¬ 
mately equal to the thickness of the shell 
in tenths of an inch, but should not ex¬ 
ceed 10 lb., and the plates should be 
struck with a sharp, swinging blow. The 
edges of the hammer should be rounded 
to prevent defacing the plates. 

For vessels over 12 ft. in diameter, or 
over 20 ft. in vertical height, this test is 
applied when the vessel is not under in¬ 
ternal pressure prior to the hydrostatic 
test. For smaller vessels this test is 
combined with the hydrostatic test and 
hammering is done when tlie pressure 
reaches a specified value (P/u times the 
maximum allowable working pressure for 
ASME U-69 or U-70 vessels and 1V 4 
times the maximum allowable working, 
pressure for ASME U-201 and API- 
ASME vessels). 

ASME vessels which cannot safely be 
filled with water are required to be ham¬ 
mer tested prior to a pneumatic test. 

Opinion varies as the value of such 
testing, which is at least dependent as to 
effectiveness on the energy with which 
the blows are struck and the magnitude 
of the resulting hydraulic hammer. 

Pneumatic Testing 

Vessels which are not designed for 
liquid contents sometimes cannot support 
a hydrostatic test load and are there¬ 
fore given a pneumatic test. In recog¬ 
nition of the increased hazard involved in 
subjecting a vessel to over-pressure in 
this manner, the codes permit testing at 
a lower pressure. The ASME requires 
a test of 25% above the design pressure 

while the API-ASME Code requires 

10 %. 

To obtain a somewhat better test of 
areas affected by structural supports, such 
vessels are sometimes given a hydro¬ 
static-pneumatic test in which the liquid 
load is comparable to the operating load 
or load which may be sustained, on which 
hie air pressure is superimposed. 


In view of the measurably greater 
energy stored, pneumatic tests are poten¬ 
tially hazardous and should be used only 
where hydrostatic testing is not prac¬ 
ticable. In applying this type of test, all 
persons should be withdrawn from the 
vicinity while the pressure is being in¬ 
creased. Pressure should be raised in 
easy stages with careful inspection at 
each stage. Practice permits approaching 
the vessel for inspection while under pres¬ 
sure if the pressure has remained con¬ 
stant for some minutes or, preferably, 
has been reduced somewhat below the last 
maximum applied. 

Under no circumstances should a vessel 
under air or gas test pressures be sub¬ 
jected to a hammer test or other form of 
shock loading. 

Proof Testing 

Vessels or vessel portions, the strength 
of which cannot be accurately calculated, 
must pass suitable proof tests. The 
ASME Code requires that the propor¬ 
tional limit of the weakest part be 
determined by hydrostatic test and meas¬ 
urement of deflection. The allowable 
working pressure is established at a suit¬ 
able proportion of the test value. The 
API-ASME Code requires that the ves¬ 
sel sustain a pressure of 1.5 times the de¬ 
sired maximum allowable pressure with¬ 
out showing yielding as evidenced by the 
flaking off of a brittle coating. It is rec¬ 
ognized that such tests are usually ca¬ 
pable of detecting only relatively appre¬ 
ciable or wide-spread yielding. Their 
dependability can be increased by using 
correctly positioned strain gages of short 
gage length and deflection gages. 

Routine Testing 

I he ASME Code does not cover test¬ 
ing in service, leaving such matters to 
users and enforcement authorities. Per¬ 
iodic testing at not less than l 1 /* times 
the maximum working pressure is the 
generally accepted practice, particularly 
if the material suffers deterioration in 
service due to corrosion or other reasons. 
The API-ASME Code requires periodic 
testing as metal added for corrosion al¬ 
lowance disappears in service, except that 
such tests are not required if the seams 
were originally radiographed or if they 
were subjected to the maximum test 

stress for the full thickness in the initial 
test. 
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FIELD-ASSEMBLED VESSELS 

It is necessary to field assemble ves¬ 
sels which are too large for shop fabri¬ 
cation or for shipment. Shop fabrication 
practices are adhered to where possible. 
However, field fabrication is handicapped 
by: 

Inferior equipment such as forming 
and heat-treating facilities. 

Absence of protection against ele¬ 
ments and low temperatures. 

Economic necessity of using local 
workmen; usually less effective than an 
experienced, standing organization. 

Vertical and overhead welding which 
must be done where vessels are fabri¬ 
cated in place. 

Vessels in this category are commonly 
partially fabricated in the shop and 
shipped to the field in sections for final 
assembly. All parts are formed in the 
shop to the correct shape and dimensions, 
and are chamfered for welding. Nozzles 
are generally prepared and cut to correct 
length, but are not installed unless they 
are located either in a head or in a sec¬ 
tion which can be shop fabricated as a 
unit. It is becoming a more common 
practice, however, to shop weld all sec¬ 
tions which can be shipped. 

The lack of good forming facilities in 
the field makes it very difficult to correct 
poor fit-up, dimensional errors, etc., hence 
careful inspection and control of the shop 
forming and fitting up are of the greatest 
importance. Wide welds are not a cure 
for poor fit-up and should be avoided. 
Complete trial fitting and match marking 
prior to shipment are sometimes advis¬ 
able to assure proper field assembly of 
an unusually complicated vessel or a ves¬ 
sel of a type new to the fabricator, but 
such operations are unnecessary and 
wasteful if the structure is simple and of 
a standard type. Holes for field-installed 
nozzles are generally cut in the field. 

Adverse weather and the problem of 
obtaining skilled labor at the assembly 
site are factors requiring the utmost vigi¬ 
lance on the part of the fabricator and in¬ 
spectors if satisfactory work is to be ob¬ 
tained. Welding on wet surfaces must be 
avoided. Satisfactory platforms with 
shelters and wind guards should be pro¬ 
vided if personnel are to perform up to 


their potential skill. Careful storage of 
welding electrodes is necessary to avoid 
moisture absorption and resultant detri¬ 
mental effect on the quality of weld de¬ 
posits. 

Plates for main seams generally are 
scarfed to single-vee or double-vee 
grooves and occasionally to U grooves. 
The latter are used primarily for very 
thick plates and where the work can be 
arranged for down-hand position welding 
essentially duplicating shop conditions. 
Most fabricators prefer double-vee 
grooves for the main seams of plates over 
l / 2 -in. thick, which allows balanced weld¬ 
ing and greater control of distortion, which 
is extremely important in field work. For 
circumferential seams in vertical vessels a 
single bevel or double bevel groove with 
45-deg. bevel angle is sometimes used. 
The increased use of radiographic inspec 
tion in the past few years has indicated, 
however, that less incomplete fusion re¬ 
sults where a vee groove of about 60 
deg. rather than a single 45 deg. bevel 
groove is used in the horizontal position. 

Preheating is being employed increas¬ 
ingly, not only for welding alloy steel 
plates but also for welding thick, low- 
carbon steel plates. During cold weather, 
all plates should be warmed to at least 
60° F. before and during welding. Pre¬ 
heating by means of torches has been ex¬ 
tensively used, but it has been found 
rather difficult to maintain uniform pre¬ 
heat, particularly on vertical seams. Bet¬ 
ter results have been obtained through the 
use of resistance strip heaters. 

For welding in other than the flat 
position, successful use has been made 
of the backstep sequence, a welding tech¬ 
nique wherein successive sections of a 
weld are deposited opposite to the direc¬ 
tion of progression. Likewise, the use of 
backing strips has been found advanta¬ 
geous in promoting complete penetration 
and protecting welding at the root from 
the effects of the wind, lessening the pos¬ 
sibility of root defects remaining after re¬ 
moval of the backing strip and back-chip¬ 
ping or gouging. 

Thorough inspection is even more im¬ 
portant than for shop fabricated vesse s 
with emphasis on groove angles, roo 
openings, back-chipping of welds, e c. 
Visual inspection should be supp emen 
to some degree by radiographic or mag¬ 
netic particle inspection, the amount de¬ 
pending on the importance and severit> 
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of the intended service. Complete radio- 
graphic examination, little used in the 
field a few years ago, is becoming increas¬ 
ingly common for petroleum refinery ves¬ 
sels subject to severe temperature or 
pressure service. 

The field testing of large vessels often 
introduces unusual problems. Where the 
vessels and supports are adequate for 
liquid weight, hydrostatic testing can be 
performed. To permit an adequate test 
of the upper portion of such vessels, it 
is sometimes necessary to provide excess 
thickness in the design of the lower ves¬ 
sel parts. There is need for rules cover¬ 
ing a range of acceptable test pressures 
for vessels tested in the vertical posi¬ 
tion, so that portions at different eleva¬ 
tions are adequately tested but not ser¬ 
iously over-stressed. When a vessel does 
not operate full of liquid, it is sometimes 
impractical, for economic or other rea¬ 
sons, to design for liquid load, and in 
such cases pneumatic or combination 
pneumatic-hydrostatic loading is em¬ 
ployed. The testing of a large vessel by 
any method involves appreciable hazard 
in the event of sudden extensive failure. 
Due to the greater energy stored in a 
pneumatic test, the shattering effect is 
proportionally more devastating, and pre¬ 
cautions, such as radiographic inspection 
of main seams, magnetic particle inspec¬ 
tion of attachments, and stress relief 
where possible, all appear advisable. 
Where stress relief is accomplished by 
flue-gas circulation, a pneumatic test at 
temperature can be conducted with re¬ 
duced pressure, and hence with corre¬ 
sponding reduction in the stored energy. 

Stress relief of large vessels in the field 
presents a difficult problem, but is being 
successfully accomplished in an increasing 
number of applications. Generally, the 
vessel is in its final position and heavily 
covered either with permanent or tem¬ 
porary insulation, and is heated by inter¬ 
nal gas burners, or preferably by circu¬ 
lation from an external flue-gas gener¬ 
ator. One very satisfactory arrangement 
consists of a portable generator producing 
flue gas at 1200 to 1300°F. with recircu- 
ation by means of a blower, and provided 
with dampers so that flow within the ves¬ 
sel can be reversed at will, giving excel- 
ent control of metal temperatures. Simi¬ 
lar applications without recirculation or 
reversal of flow have been successfully 
employed, but result in greater tempera¬ 


ture variation and waste of fuel. If heat¬ 
ing is to be done by internal gas burners, 
special attention must be given to the 
choice and location of burners and gas 
flow details to assure reasonably uniform 
temperature distribution and to minimize 
the hazards of lighting the burners, and 
of maintaining combustion when the posi¬ 
tions of the dampers are changed. 

THIN-WALLED PRESSURE VESSELS 

The manufacture of welded thin-walled 
vessels presents certain problems peculiar 
to this class of vessel. Vessels up to 
Vi-in. plate thickness and about 36-in. 
maximum diameter might be placed in 
this category. Because of thickness, size 
or service limitations, the ASME Boiler 
Code allows certain details for such ves¬ 
sels which are not permitted for larger 
vessels. A large number of such vessels 
are manufactured on a production line 
basis. 

Design details which are common to 
vessels of this class are inverted heads, 
single vee welds, lapped seams with 
double welds and also with single welds, 
and predominantly threaded openings. 
For ease of fabrication, many vessels con¬ 
tain excess thickness which is fortunate 
since corrosion can quickly impair the 
safety of thin walls. This is recognized 
in the ASME Unfired Pressure Vessel 
Code Alternate Rules where corrosion 
allowance is specified for air or water 
vessels and vessels in other corrosive 
service. 

Cold pressed heads are commonly used 
without stress relief, with possibly re¬ 
duced shock resistance and increased pos¬ 
sibility of cracks along welds. Fit-up re¬ 
quires careful attention, particularly on 
girth seams, and automatic welding must 
be constantly controlled to assure that the 
weld straddles the butted plates, which 
are usually not scarfed. Since small elec¬ 
trodes are necessary, plate surfaces must 
he free of scale to assure thorough fusion 
at joints and around openings. Heavy 
overlays do not compensate proportion¬ 
ately for incomplete fusion and under¬ 
cutting may seriously reduce the strength 
of light walls. 

For economic reasons, hydrostatic tests 
are of minimum duration. Special pro¬ 
visions are made for testing mass-produc¬ 
tion vessels. (See ASME Boiler Code 
Case No. 1054.) 
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MULTI-LAYER OR BANDED 

VESSELS 


This type vessel is usually intended for 
use at extremely high pressures and is 
generally built to user or manufacturer 
specifications as no code rules have as 
yet been adopted. 

In one design the shells are made up of 
a multiplicity of layers of descaled steel 
plate each about V4-in. thick except the 
innermost layer which is generally about 
l / 2 -in. thick. Each successive layer is 
wrapped under tension around the preced¬ 
ing assembly and longitudinal seams 
welded using the underlayer as a back¬ 
ing strip. It is stated that shrinkage in 
these welds further increases the tightness 
of layers. Each shell course is com¬ 
pletely assembled prior to making the 
girth welds which extend continuously 
through the entire thickness, eliminating 
the layer construction in these areas. 
Heads are usually solid forgings, and a 
number of vessels have been fabricated 
and are in service, some since 1931. 
Stress relief after fabrication is not ad¬ 
vocated as this would relieve initial pre¬ 
stress developed in the layers, and it is 
contended that longitudinal slippage be¬ 
tween layers affords relief against the ac¬ 
cumulation of excessive residual welding 
stresses at girth seams, so that stress re¬ 
lieving is not essential. Radiographic or 
other quality examination of completed 
welds is of limited value and is not the 
usual practice. 

In another design, banded construction 
is used. The inner layer is fabricated to 
half the required thickness with hemi¬ 
spherical heads using conventional pres¬ 
sure vessel practice, including X-ray ex¬ 
amination and stress relief. The cylin¬ 
drical section is then reinforced against 
hoop stress by shrinking one or more lay¬ 
ers of narrow bands around the inner 
shell. The circumferential edges of these 
bands are not welded and longitudinal 
stress is carried by the inner shell only. 


INTERNALLY INSULATED VESSELS 

Vessels for certain applications involv¬ 
ing high operating temperatures are now 
being built in which internal insulation 
is used to reduce the working tempera¬ 
ture of the pressure shell. Special atten¬ 
tion must be given to details to prevent 


condensation or vapor flow through or 
behind the insulation, which would result 
in loss of insulation by erosion and in¬ 
creased conductivity. The degree of 
vapor flow through the insulation is a 
function of the flow velocity in the ves¬ 
sel or other factors which increase the 
pressure drop such as tower packing and 
catalyst beds. Such flow may be reduced 
by metal vapor barriers incorporated into 
the insulation which, to be effective, must 
be welded to the shell. The conductivity 
is increased in proportion to the amount 
of metal used. Bonding cements and 
plastic insulations do not always provide 
continued adherence to the metal wall 
and, in general, the resistance of the ma¬ 
terials used to corrosion and temperature 
must be examined. Many gases such as 
hydrogen and hydrocarbons have higher 
conductivity than air, increasing heat loss 
which is further increased by the effect 
of pressure. 

Many types of internal insulation have 
been used such as: 

Unreinforced monolithic heat-resist¬ 
ing or insulating concrete. 

Insulating block covered by concrete 
panels or supported refractory walls 
(similar to boiler walls). 

Insulating block or concrete faced 
with a vapor-tight metal shield sealed 
to the vessel wall at one end. 

Insulating concrete covered by re¬ 
fractory concrete panels reinforced and 
attached to the vessel wall by clips or 

studs. # . • . 

Insulating brick or insulating and 
refractory brick. 


CORROSION-RESISTANT LINERS 

AND CLAD PLATE 


Methods Used 

Corrosion protection for pressure ves 
sels may be secured by: 


Excess shell thickness. 

Painting, sprayed metal coatings o 

wash coatings. 

Refractory, concrete, 
glass or plastic linings. 

Sheet metal linings. 

Clad and integrally 
plates. 

Of most interest in so far as welding is 
mcerned is the use of liners or clad 


rubber, lead, 
bonded shell 
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Liners Attached by Welding 

Sheet metal liners are commonly at¬ 
tached by 

Spot welding. 

Plug or slot welds. 

Arc welding between linear edges 
and against shell (strip lining). 

Any weldable material with suitable 
corrosion resistance may be used, 6 / w and 
' /«4 in. being the most commonly em¬ 
ployed thicknesses. 

Strip lining is the accepted designation 
for construction involving liner strips 3 
to 6 in. wide and 3 to 5 ft. in length, with 
the long dimension generally circumferen¬ 
tial. Attempts to attach the edges of two 
adjacent strips to the vessel by one weld 
pass have not been satisfactory. Instead, 
the edges of one strip are first welded, 
then the adjacent strip layed up and 
tacked in place. If this next strip is 
brought up to the edge of the previous 
fillet weld, the attachment can be com¬ 
pleted by a second pass. However, many 
fabricators find it preferable to separate 
the strips sufficiently to permit fillet weld¬ 
ing this strip to the base plate and then 
completing the attachment by a third pass 
tilling the gap between the fillet welds. 

See Chapter 37B for methods of apply¬ 
ing liners by welding. 

The degree of tightness required of an 
attached lining also depends on the in¬ 
tended service. For most petroleum ap¬ 
plications small leaks are not of great 
consequence except in occasional bulging 
of the liner due to coking behind it. In 
many chemical plants or other services, 
however, the base metal might be cor¬ 
roded at an accelerated rate by such leak¬ 
age. Liners are tested by various meth¬ 
ods such as: 

Introducing air or other suitable 
medium at an appropriate pressure be¬ 
tween the liner and the shell and check¬ 
ing attachment welds with soap suds 
or other suitable fluid. The test pres¬ 
sure should not exceed about 75% of 
the pressure which would cause bulg¬ 
ing of the liner. 

Testing the vessel hydrostatically 
with petroleum followed by steaming 
out, then inspecting the liner surface 
for traces of oil which will often seep 
out from cracks and porous areas. 

Introducing water at high pressure 

between spot-welded liners and the base 
plates. 


Inspecting the welds by the fluores¬ 
cent penetrating oil method or, in the 
case of magnetic materials by the mag¬ 
netic particle method. 

Testing the vessel hydrostatically, fol¬ 
lowed by heating in a furnace to 400°F. 
Moisture behind the lining in evaporat¬ 
ing often leaves a trace of scale to mark 
a defective location. 

Flexing of the liner sheets in service 
due to repeated applications of the serv¬ 
ice pressure occasionally results in leak¬ 
age. This is more apt to occur where the 
liner or base material is subject to un¬ 
usual air hardening, temper brittleness or 
age hardening. 

Arc-welded liners are usually attached 
with Va-in. or ‘’/32-in. diameter electrodes 
using low amperage and a short arc to 
minimize dilution by base metal. The 
base metal should he thoroughly cleaned 
prior to welding and all weld passes care¬ 
fully cleaned. Sheet liners are now also 
being attached by submerged arc weld¬ 
ing. Since the attachment of a lining 
involves extensive welding on the base 
metal with possible propagation of de¬ 
fects, it is important in the interests of 
safety that the procedure be thoroughly 
investigated for soundness and ductility 
of deposits. 1 he ASME Boiler Code 
Committee has established suitable re¬ 
quirements in Case No. 1078. 

Clad Plate 

Steel plate with the corrosion-resistant 
lining continuously bonded thereto is pro¬ 
duced by several processes and finds wide 
application in pressure vessels. A detailed 
description of the process will be found in 
Chapter 37A. Such material is particu¬ 
larly suited to severe service where a 
high degree of attachment is desirable 
and where leakage through the corrosion- 
resistant lining could not be tolerated. 

I he ASME Boiler Code Committee 
has given careful attention to the use of 
clad steels and to the relative stress in the 
cladding and base material, and in Case 
896 has approved the use of certain 
chromium, chromium-nickel (austenitic), 
nickel, and nickel alloy clad steels, with 
the design based upon full thickness of 
the composite material under some condi¬ 
tions of service. For other conditions, 
the base metal thickness only must be 
used in calculations. The nominal clad¬ 
ding thickness is generally 10 or 20% of 
the composite thickness but other pro- 
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portions may be obtained. No difficulties 
have been reported as a result of differ¬ 
ential expansion between cladding and 
base plate in operation with service tem¬ 
peratures to 1000°F. and higher. 

In welding clad steels, it is of great im¬ 
portance that the procedure used recognize 
the degree of possible variation in clad¬ 
ding thickness and be such as to avoid de¬ 
positing weld metal of base metal analy¬ 
sis on the corrosion-resistant cladding or 
weld metal or so close thereto as to cause 


contamination. The low-alloy deposit re¬ 
sulting is likely to be v£ry air harden¬ 
ing and susceptible to thermal shock 
cracking. If, prior to welding the base 
metal the cladding is removed from the 
edge of the welding groove Vs to 
7 10 in. and the plate edge checked by 
etching with 20% nitric acid, trouble 
from this source can be eliminated. The 
base metal weld is completed first, after 
which the corrosion resistant weld is 
made. 
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SHIPS* 


INTRODUCTION 

A ship is a floating structure and 
the problems involved in its design are 
somewhat different from those which 
confront the designers of land structures 
such as bridges and buildings. If the 
ship is to remain afloat and be fit for 
carriage of dry and perishable cargo, 
water must be kept out of the hull, so 
tightness is an essential consideration. 
The utmost economy in weight of mate¬ 
rial is also of outstanding importance as 
any excess of material provided in the 
design over and above the minimum re¬ 
quired for structural strength, including 
a suitable margin for corrosion and wear, 
has to be carried around with the ship, 
with a resultant sacrifice in deadweight 
carrying capacity. speed and other 
factors. 

Ships differ widely in type and condi¬ 
tions of service and range from the small 
towed barge of simple box section en¬ 
gaged in smooth water service to a large 
liner operated in trans-oceanic trades. In 
a . barge the hull stresses are compara¬ 
tively simple and readily calculable. 
Ocean-going vessels propelled through 
the water in all conditions of wind and 
weather are subject to hogging and sag¬ 
ging stresses in waves, as well as to 
stresses caused by rolling, pitching and 
slamming. The problem of economic 
structural design of such vessels is com¬ 
plex and their scantlings have been 
evolved largely on the basis of experience 
with due regard to scientific methods of 
analysis and evaluation. 

It was only through the extensive use 


. Prepared by a committee consisting of David 
Arnott. American Bureau of Shipping, Chair- 
Day id Bannernnn, Jr., American Bureau 
r> i l ER In S; A. G. Bissell, Bureau of Ships; 
faul r field, Bethlehem Steel Co.; LaMotte 
Grover, Air Reduction Sales Co.; T. M. Jack- 
lr n, r^ UI ^ Shipbuilding: & Drydock Co.; E. M. 
MacCutcheon, David Taylor Model Basin; T. 
B. Smith, Bethlehem Steel Co. 


of welding that the tremendous war pro¬ 
duction shipbuilding program in U.S. 
shipyards could have been accomplished 
in the limited time available. For some 
years prior to the war emergency there 
had been a gradual trend toward welded 
construction in order to effect savings in 
hull weight and with a view of over¬ 
coming some of the service troubles en¬ 
countered in riveted ships. Under stress 
of weather or as a result of bumping, 
etc., rivets are likely to slacken and 
caulked scams to spring. An accumula¬ 
tion of even minor leaks from such 
causes can easily result in serious damage 
to perishable cargoes in freighters or in 
oil contamination in the case of tankers. 

By the use of welding, hull weights 
are reduced from 5 to 15% depending 
upon the extent of welding and the type 
of ship. Increased efficiency can be 
brought about through this saving in 
weight of the steel structure and by the 
use of high temperature, high pressure 
steam propelling machinery which is 
facilitated by the fact that the piping and 
boiler drums and a great many other 
machinery parts in these modern installa¬ 
tions are invariably of welded construc¬ 
tion. 

In addition to savings in the original 
cost of construction, economy in fuel 
operation and increase in deadweight 
carrying capacity, there is a further sav¬ 
ing in hull maintenance costs which in 
some instances is claimed to have 
amounted to around 25%. 

0 

GOVERNING RULES AND 
REGULATION 

Merchant vessels. War Department 
vessels and many merchant-type Naval 
vessels are constructed in accordance 
with the requirements established by the 
U.S. Coast Guard and by the American 
Bureau of Shipping. Naval combatant 
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vessels and certain other special types 
are constructed in accordance with U.S. 
Navy specifications. 

The American Bureau of Shipping - re¬ 
quirements can be found in its Rules for 
the Building and Classing of Steel Ves¬ 
sels, which is revised periodically. 

Coast Guard regulations are a part of 
the Code of Federal Regulations and 
come under Title 46, Shipping; Chapter 
I, Coast Guard: Inspection and Naviga¬ 
tion. The following sections apply to 
welding: 

Subchapter D—Tank Vessels—Part 
31.3-2, 37.2. 

Subchapter F — Marine-Engineering 
Regulations, Part 56.20. 

Subchapter G—Ocean and Coastwise, 
Parts 59.15 and 59.30. 

Subchapter H—Great Lakes, Parts 
76.15, 76.15a, 76.18, 76.34. 

Subchapter I—Bays, Sounds and 
Lakes, Parts 94.14, 94.14a, 94.17, 

94.34. 

Subchapter J—Rivers, Part 113.23 

Subchapter M—Passenger Vessels, 

Part 144.3.. 

Equipment Lists for Merchant Vessels 
(Includes list of approved elec¬ 
trodes) 

U. S. Navy regulations and require¬ 
ments covering welding are embodied in 
Chapter 92 Welding and Allied Processes, 

of the Bureau of Ships Manual and in¬ 
clude the following specifications: 

General Specifications for Building 
Vessels of the U.S. Navy, Appendix 
5, Specifications for Welding. 

General Specifications for Machinery, 
Section SI-4, Welding and Bracing. 

General Specifications for Inspection 
of Material, Appendix VII, Welding. 

Typical examples of data from these 
specifications are reproduced in suitable 
parts of this chapter. In addition to the 
requirements and restrictions indicated 
above, Chapter 92 includes much general 
information on welding and welding 
equipment for use by the Naval service. 

MATERIAL 

Until recently no special grade or 
quality of structural steel was specified 
for welded ship construction. However, 
the use of Bessemer steel was not per¬ 
mitted and the specifications either di¬ 


rectly or indirectly controlled the carbon 
content so as to keep the hardness to a 
minimum in the heat-affected zone adja¬ 
cent to the weld. This was formerly ac¬ 
complished in American Bureau of Ship¬ 
ping and other classification society speci¬ 
fications by placing an upper limit on the 
tensile strength and leaving the chemical 
requirements open. These specifications 
were sufficient to insure a medium carbon 
steel having the conventional mechanical 
properties characteristic of the grades of 
steel which experience has shown to be 
satisfactory for riveted structures. The 
U.S. Navy accomplishes the same ends 
by specifying chemical limits which in¬ 
clude a maximum of 0.31% carbon and a 
maximum of 0.75% manganese and the 
usual limitations on sulfur and phos¬ 
phorus. 

Within the last few years research has 
shown the need for a commercial steel 
which would combine conventional me¬ 
chanical properties with a higher degree 
of notch toughness as well as the desir¬ 
able property of low hardenability in the 
heat-affected zone. Notch toughness 
cannot be judged by the conventional 
mechanical tests of structural steel and 
special tests are required to appraise it. 
However, the degree of notch toughness 
can be approximately regulated by 
specifying certain limitations on chemis¬ 
try and steelmaking practice. 

Another factor affecting notch tough¬ 
ness is the thickness of the material. If 
both thick and thin plates are rolled 
from the same heat of steel, the steel in 
the thin plates usually will be more 
notch-tough than the steel in the thick 
plates. This is due to different degrees 
of hot reduction, finishing temperatures, 
cooling rates, etc. In addition, due to the 
size effect (a geometric factor) notch 
toughness usually decreases as the thick¬ 
ness increases. Consequently to preserve 
notch toughness in thick plates they must 
be made from a more notch-tough steel 
than that which would normally be suit¬ 
able for thin plates. 

The latest American Bureau of Ship- 
ping specifications for hull steel publishe 
in 1948 recognize variations in notch 
toughness due to thickness of plates^ y 
specifying three classes. The mechamca 
properties of all three classes ar *v4 s ? 
lows : tensile strength 59,000-70,000 psi., 
minimum yield strength 3 2,000 psi-: 
minimum elongation in 8 in., 1,500,000/ 
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or 22% in 2 inches. Open-hearth or 
electric furnace is specified for all three 
classes. 

Class A includes plates up to and in¬ 
cluding Vt-in. thick and all shapes. The 
tensile strength limits insure a medium 
carbon steel. 

y Class B covers over Vsrin. and up to 1- 
in. thick inclusive. The chemical limits 
for this grade insure a low carbon 
(0.23% maximum) high manganese 
(0.60-0.90%) semi-killed steel. 

Class C applies to all plates over 1-in. 
thick and requires a similar low carbon 
(0.25% maximum), high manganese 
(0.60-0.90%), silicon (0.15-0.30%) steel 

made to a fine grain, fully killed practice. 

Filler Metal 

Electrodes conforming to the specifica¬ 
tions cited in the previous section in this 
chapter on Governing Rules and Regu¬ 
lations are qualified for naval use by 
tests in a Naval laboratory, and lists of 
qualified electrodes are sent at intervals 
by the Bureau of Ships to Supervisors 
of Shipbuilding, Naval Inspectors of 
Ordnance, Inspectors of Naval Material, 
Industrial Managers, and other offices of 
the Navy for reference. 

Electrodes for welding on vessels 
classed by the American Bureau of Ship¬ 
ping or inspected by the U.S. Coast 
Guard are qualified by demonstration by 
the manufacturer, in the presence of a 
Surveyor of the American Bureau of 
Shipping, that the electrodes meet the 

requirements of the AWS-ASTM Tenfa- 
it7 ' e Specifications for Mild Steel Arc 
Welding Electrodes. (See Chapter 38.) 

1 he U.S. Coast Guard accepts electrodes 
approved by the Navy without further 
testing. Electrodes of the E60 series of 
classifications are used for all hull con¬ 
struction except that those of the E6012 
and E6013 classifications, because of their 
slightly lower ductility, are not approved 
tor any joints of the shell plating, 
strength decks, tank top, bulkheads and 
ongitudinal members of large vessels or 
ot galvanized material. 


DESIGN 

General 

In the construction of welded ships, 
consideration should be given to the yard 
practices and procedures from the pre¬ 


liminary design stage onward. The 
structure should be designed specially for 
welding; a welded structure should never 
be designed to traditional riveting stand¬ 
ards and details. The ideal arrangement 
is one in which every step of the work is 
planned in advance from mold loft to final 
inspection in chronological order, all with 
a view to making the best and most effi¬ 
cient use of the welding processes. 

Hull structures are divided into sub- 
assemblies, which are usually fabricated 
clear of the shipways, preferably in a 
covered shop. f hese subassemblies are 
as large as can be handled expeditiously 
and be placed aboard ship without hold¬ 
ing up oilier work in the vicinity. Weld¬ 
ing in the shop has many obvious ad¬ 
vantages over welding aboard ship. The 
work and equipment are protected from 
the weather, necessary cleaning is more 
easily accomplished and the operators are 
less subject to discomforts which may in¬ 
terfere with the quality of their work. 
Shorter leads from machines to elec¬ 
trodes, and easy access to machines for 
correct setting reduce the variables in¬ 
herent in ship welding. By the use of posi¬ 
tioning equipment, or by turning whole 
subassemblies, the great bulk of welding 
may be done in the flat position, usually 
resulting in better quality as well as 
greater speed. If several identical units 
are to be made, it is often useful to pre¬ 
pare jigs or forms on which the subas¬ 
semblies are set up. An important con¬ 
sideration is that supervision indoors is 
easier and more efficient than supervision 
outdoors. The designer, therefore, should 
dispose the material in such a way as to 

make it easily divided into convenient 
subassemblies. 

Joints in plating and details of welded 
joints should be so arranged as to per¬ 
mit the application of a suitable welding 
procedure and sequence without difficulty. 

It is generally good practice to arrange 
butts of adjacent strakes of plating In 
line so as to eliminate the T-shaped inter¬ 
sections of butts and seams which occur 
when butts are staggered. (See discus¬ 
sion on Distortion and Cracking ) 

Subassemblies should be planned so 
that the welds joining them which must 
be made on the shipways, will be in the 
most accessible positions, arranged for 
flat or machine welding wherever prac¬ 
ticable. The root side of such welds 
should also be accessible for back-chip- 
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ping and welding, because ship welding 
practice generally requires joints to be 
welded from both sides, except where 
butts are welded to backing strips or to 
other structural members. In many cases 
it is possible to join subassemblies by 
means of lap joints so that no final trim¬ 
ming is required. However, this practice 
is not usually followed in the shell and 
strength decks. (See Chapter 39 for more 
detailed design data.) 

Framing 

Framing in ship structures includes 
shell frames, deck beams ,\nd bulkhead 
stiffeners. They are usually of the light¬ 
est and smallest section that will provide 
the required strength, because both 
weight and space are at more of a pre¬ 
mium than in most land structures. They 
may consist of flat bars in the smaller 
sizes and of inverted angles, tee bars, 
bulb angles or channels with one flange 
removed for larger sizes. In very heavy 
sections, rolled I-beams or built-up sec¬ 
tions may be used. In some applications, 
serrated sections cut from channels are 


not necessarily total deposited metal 
because the required size of intermittent 
weld is greater than the required size of 
continuous weld. Distortion is less and re¬ 
movals for repair are easier than if con¬ 
tinuous welds are used. A further ad¬ 
vantage is that a fracture in the plate 
rarely propagates into an intermittently 
welded frame whereas it almost invari¬ 
ably does propagate into a continuously 
welded frame. 

Framing members such as girders, web 
frames, stringers or shelves and deep 
web stiffeners on bulkheads intended to 
support the other framing, are built up of 
a web plate and face plate, or made of 
flanged plates. Rider plates are some¬ 
times added rather than using single 
heavy face plates. These deep framing 
members are usually slotted to permit the 
smaller members which they support to 
pass through and the smaller members 
are usually welded to them at the inter¬ 
sections. Slots should in all cases be cut 
with rounded corners, or a drilled hole 
should be located where the heel of the 
member passes through, (see Fig. 1) 



Fig. 1.—Typical Details for Slotting Deep-Framing Members 


substituted for angles. Faying flanges 
should be avoided as they interfere with 
welding the joints of the plating, they 
must be set to bevels to suit the lines of 
the ship and complicate securing water¬ 
tightness. 

Framing members are usually intermit¬ 
tently welded to the plating, except at the 
ends and at intersections with supporting 
members. This saves welding footage but 


otherwise cracks may develop in the web 
of the girder. These deep framing mem¬ 
bers are also intermittently welded to t e 
plating but with increments spaced closer 
together than for shallow members. 

For access in welding as shown in 
Fig. 2, framing members are usually 
scalloped or cut out in way of joints in 

the plating to which they are attached ' 
In order to maintain the sectional area 
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of the frames as nearly as possible, the 
scallops are kept to the smallest practi¬ 
cable size. 

To preclude serious defects in butt 
joints, special care should be exercised 
in the preparation of angles, tees, bulb 



angles, etc., for welding, even where 
these members are of minor structural 
importance. Figure 3a shows defective 
welding in a bulwark cap rail; Fig. 3b 
shows defective welding in a bilge keel. 

Standard practice for the arrangement 
and spacing of fillet welds connecting 
framing members to plating in merchant 
ships is included in Table 1. Corre¬ 
sponding information for naval ships is 
shown in Figs. 4 and 5. 

Design Details 

In welded ship construction, exper¬ 
ience has shown that the details of design 
are as important to the integrity of the 
structure as the scantlings of the various 
members. The effects of notches on the 
energy absorbed in the fracture of var- 

mus types of specimens is discussed in 
Chapter 40. 

The guiding principle in the design of 
details is to avoid abrupt discontinuities 
and to insure as even stress flow as pos¬ 
sible. Good practice has always required 
G'ing the ends of major strength mem- 
ers gradually into the adjacent struc¬ 
ture, as in the case of long superstruc¬ 
tures, or changing deck levels. In 
welded ships, this must be applied to the 
smaller details as well. 

All openings in any part of the ship 
should be made with rounded corners, 
kven small cuts for ventilators, sea 
chests, etc., should have round corners, 
which may be made by drilling holes at 
the comers of the opening, from which 


the cutting is started. At highly stressed 
points, such as the comers of cargo 
hatchways, a radius of one foot or more 
is advisable, with the curved plate edge 
ground to a smooth surface or fitted with 
a face plate. Extensive research with 
full size specimens of hatch corner de¬ 
tails illustrates this point strikingly. 
(See Reference 10 in Bibliography.) 
The ends of superstructures should be 
treated similarly by using long, sweeping 
fashion plates, ground to a fair curve with 
the sheer strake edge. 

Welds in plating should be located at 
least a short distance away from a geo¬ 
metric change, since even a slight weld 
defect has the effect of further concen¬ 
trating stresses at such a location. (See 
Fig. 6.) If the toes of the fillet welds 
attaching two adjacent members to the. 
surface of a plate are so close together as 
to form a vee between them, the plate may 
crack between the welds when under 
stress. Service records show that care 
must also be taken to avoid even minor 
discontinuities and to locate welds away 
from changes of section even in struc¬ 
turally unimportant parts. Instances 
have occurred where a crack started in 
some part, such as a bulwark, and spread 



Fig. 3.—Defective Welds 

(a) Bulwark cap rail 

( b ) Bilge keel 

rapidly into the main hull structure from 
the top of the sheer strake to which the 
bulwark plate was welded. Many other 
examples could be cited, but all are basi¬ 
cally the same in that abrupt changes or 
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notch effects, whether the result of de¬ 
sign or workmanship, are potential 
sources of trouble. 

Joint Design 

The following extract from the Rules 
of the American Bureau of Shipping 
cover the details of joints most commonly 
used in ship construction. 

“In general, all groove welded joints 
are to be welded from both sides. Butt 
joints of plating not exceeding V* in. in 
thickness may ordinarily be manually 
welded without beveling the plate edges; 
otherwise the edges of both plates are to 
be similarly beveled from one side or 
both sides to form an included angle of 
60 deg.; the root face or shoulder should 
not exceed Vs in. in depth, and the root 
opening or gap between plates should be 
not less than Vio in, nor more than 3 /i« 
inch. In all cases the root of the weld is 
to be backchipped or flame gouged to 


good sound metal before applying the 
closing bead. 

“When an approved automatic ma¬ 
chine process is used to weld both sides of 
a butt joint, the plate edges need not be 
beveled, for thicknesses not exceeding 6 /s 
inch. If manual welding is used to make 
the backing pass for automatic welding 
the joint is to be beveled for the manual 
weld to a minimum of 60 degrees. If de¬ 
tails other than the foregoing are pro¬ 
posed to be used, such details are to be 
submitted specially for approval.” 

Combination of Riveting and Welding 

Until greater insurance against major 
fractures through improved materials or 
better control of notches is obtained, it is 
probable that at least certain joints will 
be riveted, notably in large vessels. Such 
joints will generally be the connection 
of the main strength decks to the side 
shell, longitudinal seams at the bilge, and 


Table 1—Spacing of Intermittent Welds 


ITEMS 

i 3 r n 3 r -lir ~ 

1 

All fillets 3 Inches long 

Plate thickness “t” 

VL-5-^TJ 3'U- k—s—4 

Not 

over .32 

Inches 

Above 
.32 to .42 
inch 
Inches 

Above 
.42 to .52 
inch 
Inches 

Above 
.52 to .62 
in cl. 
Inches 

Above 
.62 to .72 
inch 
Inches 

Staggered Chained i 

Nominal size of fillet "w” 

M 

He 


_ 

l A 

§ 

T 

Beams 

To decks when on alternate frames and in tanks 

11 

11 

IVA 

12 

12 

To decks when on every frame outside tanks 

12 

12 

12 

•12 

1 *12 

t 

Bulkhead 

stiffeners 

Deep tank bulkhead. See Note A 

10 


10V^ 

11 

11 

Ordinary watertight bulkhead See Note A 

12 

12 

12 

•12 

•12 

Non-watertight bulkhead See Note A 

•12 

•12 

•12 

•12 

•12 

Center 

girders 

See Note B 

To inner bottom or rider plate in way of engines and to 
shell or bar keel 

5 

5 


VA 

5 A 

To inner bottom or rider plate clear of engines 

6 

6 

6 

7 

7 

t 

Frames 
and floors 

See Note C 

To shell on flat of bottom forward and in aft peaks of 
vessels having high power and fine form 

5 

5 

5H 

5'A 

5H 

To shell for .15L forward to above load water line and in 
deep tanks and peaks 

10 

10 

10'A 

11 

11 

12 

_ ~ 

«io 

To shell elsewhere where spacing exceeds 30'. See Note A 

11 

11 

. IVA 

12 

To shell elsewhere where spacing 30' or less. See Note A 

12 

12 

12 

•12 


Floors, 

single bottom 

To center keelson plate in machinery space, wide spaced 
floors with longitudinal frames and within l A length in 
vessels 230 ft. long and above 1 


D 

ouble co 

ntinuous 


To center keelson plate elsewhere 

_ • . • • . i • _ T 

7 

7 

VA 

VA 

8 

_ A 


•Nominal size of fillet “w” may be reduced \{& inch in association with spacing 8 ,v ® ■• bulkhead stiffeners, frames a 

tin vessels classed for River, Harbor or Canal Service exclusively the welding of * £ii e f S spaced 12" centers in tanks- 
floors to the plating may consist of VA" fillets spaced 12" centers in dry spaces a 
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Tablo 1 (Concluded)—-Spacing of Intermittent Welds 


ITEMS 

Vr r- 4 -^ yr ^ 3 r - 

4- 

1 

All fillets 3 inches long 

Plate thickness “t" 

Staggered. Chained 

Not 
over .35 

Inches 

Above 
> .32 to .45 
incl. 
Inches 

Above 
>.42 to.55 
incl. 
Inches 

Above 
l .52 to .a 
incl. 
Inches 

Above 

2.62 to .72 
incl. 
Inches 

Nominal size of fillet 'V 

X 

He 

% 

He 

A 

Floors, 

double bottom 

Solid floors to center vertical keel plate in engine room, 
under boiler bearers, on wide spaced floors with longi¬ 
tudinal frames, and m vessels where length exceeds 500 
feet 

4 A 

5 

5 

5 

5 

Solid floors to center vertical keel plate elsewhere, and 
open floor brackets to center vertical keel 

9 

9 X 

oy 2 

10 

10 

Solid floors and open floor brackets to margin plate 

7 

7 

VA 

VA 

8 

To inner bottom in engine room. See Note C 

5 

5 

5A 

VA 

5H 

To inner bottom at forward end. See Note C 

11 

11 

11 V 2 

12 

12 

To inner bottom elsewhere 

12 

12 

12 

•12 

•12 

Foundations 

Main engine girders to top plates, shell, or inner bottom 


D 

ouble co 

ntinuous 


Boiler and auxiliary foundation girders to top plate 

*A 

5 

5 

5 

5 

Boiler and auxiliary foundation plates to shell, inner bot¬ 
tom, and all brackets, etc. 

6 

5 

5'A 

5 A 

5 A 

Solid webs 
under 27' 
deep 

To shell and to bulkheads in tanks 

9 

9 X 

0'A 

10 

10 

To bulkheads elsewhere 

12 

12 

12 

•12 

•12 

Solid webs 27' deep 
and over, slotted webs, 
stringers or girders 
under 27' deep 

To shell and to bulkheads or decks in tanks 

6 

6 

6 

7 

7 

To bulkheads or decks elsewhere 

9 

9^ 

9’ 4 

10 

10 

Slotted webs, stringers 
or girders 27'deep and 
over 

To shell and to bulkheads or decks in tanks 

4 

4 

4 A 

4 'A 

4 A 

To bulkheads or decks elsewhere 

7 

7 

VA 

VA 

8 

All 

Face 

Plates 

To webs where area is 10 square inches or less 

12 

12 

12 

•12 

*12 

To webs where area exceeds 10 square inches 

7 

7 

7 

8 

8 

Intercostals 

• 

To shell on flat of bottom forward, and to inner bottom 
in way of engines 

5 

5 

5 A 

5 A 

5 A 

To shell and inner bottom elsewhere 

10 

10 

10'A 

11 

11 

To floors 

10 

10 

10 y 2 1 ii 

11 


• Nominal size of fillet "w” may be reduced A inch in association with spacing given. 

Note A —Unbracketed shell and bulkhead stiffeners are to have double continuous welds for one-tenth of their length at each end. 

Note B —Where center girders are water or oil-tight a continuous weld is to be used on one side of the top and bottom connections 
■with intermittent welds on opposite side spaced 12 inches. 

Note C—Tank end floors are to be welded to shell, center girder and inner bottom as required for deep tank bulkheads. 

Note D —Where beams, stiffeners, frames, etc*, pass through slotted girders, shelves or stringers, there is to be a pair of 
matched intermittent welds on each side of each such intersection and the beams, stiffeners, and frames are to be effi¬ 
ciently attached to the girders, shelves, and stringers. 


bilge keel shell connections with pos¬ 
sibly some additional fore and aft seams 
in side and bottom shell, and strength 
decks. 

Wholly aside from considerations of 
crack-arresting or intent to avoid the 
monolithic character of the all-welded 
hull, many ship builders find advantage in 
the combination of riveting and welding 


in the hull structure. As a rule, this 
combination takes the form of riveted 
longitudinal seams in the shell plating in 
conjunction with welded transverse butts 
and framing connections. In other cases 
the framing has been riveted to the shell 
and riveted butts or seams used only in 
connecting large assemblies, which in 
themselves are all-welded. 
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Among the reasons or advantages for 
these combinations are: 

1. Utilization of equipment and skills 

still available at standard yards. 

2. Faster erection without the neces¬ 

sity of special clips, unnecessary 
erection holes or holding devices. 

3. Greater economy in certain appli¬ 

cations, where field welding is 
costly or difficult. 


Welds and rivets should never be com¬ 
bined in the same joint as it is not known 
how the load would be distributed be¬ 
tween them. However, members such as 
brackets may be welded along one edge 
and riveted along the other without diffi¬ 
culty. 

The combination introduces certain 
difficulties which sometimes outweigh its 
advantages. One of the most serious is 



Fig. 4.—Efficiencies of Welded Tee Joints 


1. # This figure for use only with double fillet-welded Tee-joint welds for medium steel welded 

medium or high-tensile steels with electrodes as set forth in the specifications. , . • ■ „j 

2. The plate size to be used in entering this figure is that of the thinner member ? ein £ L. . 
except that where one member of the joint is made of high-tensile steel, the plate size s a 
that of the medium steel member if it has the lesser total strength. Otherwise the size ot 

weld shall be as set forth in the specifications for high-tensile steel. . . c mi*,* 

3. The weld sizes set forth in this figure have been calculated from the strength or 

of fillet welds 


weld shall be as set forth in the specifications for high-tensile steel. 

3. The weld sizes set forth in this figure have been calculated from the strength 
shown in Fig. 5 and the minimum tensile strength of medium steel (60,000) psi. 
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shrinkage due to welding attaching struc¬ 
tures, which causes cumulative loss of 
dimension and requires in practice that 
the rivet holes be shop-punched (or 
drilled) in one plate only with the ad¬ 
joining plate left blank or sub-punched 



(INCHES) 


for drilling to size in place on the ship 
after welding, a procedure which is some¬ 
what expensive. Since the erection holes 
provided likewise go out o( alignment 
and may require oversizing, they are kept 
to a minimum. In the subsequent drilling 


Fig. 5.—Strengths of Fillet Welds 

1. This figure for use with all fillet-welded Tee-joint welds (whether continuous or intermittent) 
ior medium and high-tensile steels welded to medium or high-tensile steels with electrodes as set forth 
in the specifications. 

str *" gth ° f fiUet wc ! ds set fo r. th >” this figure shall be used as the ultimate design 
strength regardless of the direction of loading. 
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there is some likelihood of chips and 
burrs between faying surfaces, which 
must be removed. 

On the other hand, if welding is done 
after riveting, rivets immediately adja¬ 
cent to a weld may be loosened by heat 
or shouldered by plate shrinkage. 

Extensive tests have been made to de¬ 
termine the extent to which the welding 
of framing and other attachments influ¬ 
ences the rivets in adjacent completed 
joints and the degree to which this prac¬ 
tice may affect residual stress. As a re¬ 
sult, approval has been given in many 
cases to rivet longitudinal seams or butts 
in plating prior to the attachment of 
framing by welding, usually with the fol¬ 
lowing restrictions : Rivets immediately 
adjacent to the weld (usually within 6 
in.) are omitted, or these rivets are es¬ 
pecially inspected after welding to detect 
any looseness, and redriven if necessary. 



Fig. 6.—Hatch 


causes uniform bodily movement of a free 
plate, it is not always necessary to omit 
shop-punched holes, if the proper allow¬ 
ance for this shift is made in layout. Fol¬ 
lowing the welding of the butt, the plate 
may then be well bolted and regular 
reaming and driving practice carried out. 
The usual requirement that transverse 
butt welds be made with one plate free 
therefore constitutes little handicap to the 
economical use of the combination. 

Another disadvantage of the combina¬ 
tion system is difficulty in maintaining 
watertightness where a riveted joint 
passes a welded watertight member. 
Since all riveted joints and plating must 
consist either of lapped or strapped butts, 
a seepage channel is provided past the 
welded member which must be closed. 
This is generally accomplished by slitting 
one part of the lap, or the strap, hand- 
welding this slit using a vee groove with 



Corner Details 


Since this leads to odd work at greater 
cost this practice to insure tight faying 
surfaces is sometimes expensive. 

With regard to the general sequence 
of making the joints in an assembly of 
plating, deferring the riveting of a longi¬ 
tudinal seam for 12 in. both ways from a 
transverse butt weld, materially reduces 
any restraint arising from the fact that 
both plates are fully secured by riveting. 
Permission of the regulatory body con¬ 
cerned must generally be secured for each 
case where rivets and welds are to be used 
in combination and permission is generally 
granted only for comparatively unimpor¬ 
tant structures or in cases where the butt 
welds are strapped or backed-up by other 
members, thus minimizing the possibility 
of weld cracks. 

Although welding a transverse butt 


sufficient root opening to insure penetra¬ 
tion into the other member of the joint 
and thus providing an effective stop- 
water. 

The overlap of plates or the presence 
of a faying flange on framing members 
requires a modification in plate-edge 
preparation for the welded joints where 
they cross riveting, to provide for welding 
from one side only. 

WORKMANSHIP 

General 

Workmanship is affected by so many 
factors that the term should not be re¬ 
stricted to refer only to the work done 
by the welder. Before welding, which is 
often the final operation, all the ear *er 
steps must have been planned v tth ue 
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regard to securing good workmanship if 
the best quality is to be obtained. The 
steps which precede welding are carried 
out by several other workmen, and the 
workmanship involved is as important to 
the ultimate weld as the deposition of 
metal. 

To avoid difficulty in welding, the molds 
and templates should be accurate, the 
material cut or machined to close toler¬ 
ances and the edges prepared to the cor¬ 
rect bevel. Subassemblies and units 
should be made on well-supported floors 
or skids which will hold the intended 
shape. When completed they should be 
handled and stored with adequate care to 
prevent damage to prepared edges which 
must be made to match with adjacent 
structure later. 

In all welds made from both sides, the 
root of the weld deposited from the first 
side should be cleaned out by oxygen 
gouging or chipping, and in this operation 
workmanship is of the utmost importance. 


strongbacks, etc. Apart from regulating 
and supporting the members in their cor¬ 
rect positions, these should be arranged 
so as not to interfere with welding opera¬ 
tions nor to restrain the parts too greatly 
against contraction from welding. Some 
freedom of movement should always be 
allowed. (See Fig. 8.) Tack welds 
should be removed or carefully fused to 
final welds and used no more than abso¬ 
lutely necessary. Cracked tack welds 
must be removed. 

Preparation of joints on the shipways 
must often be done without the use of 
mechanical equipment, and the workman¬ 
ship depends upon the skill of the cutters 
and chippers. Guiding devices for man¬ 
ual cutting are very effective when prop¬ 
erly used. Errors, such as cutting beyond 
the correct end of a cut or chipping an 
irregular bevel or one which is too wide 
at the root, may cause conditions which 
result in defective welds. (See Fig. 9.) 

Given proper planning and preparation. 




Treatment of first weld 


Fig. 7.—Welding at Intersection of Two Joints 


The flame or tool should leave a semi¬ 
circular groove into which weld metal 
can be deposited from the second side. 
The groove should be deep enough to 
expose solid weld metal and to remove all 
slag or dirt entrapped in the root of the 
first side. 

A common source of defects in welds 
results from failure to chip the end of 
the first joint welded at an intersection. 
(See Fig. 7.) Although often omitted 
because a chipper is not readily available, 
proper preparation of the edges for the 
weld on the second side is essential. 

bitting up the parts and assemblies on 
the shipways necessitates the use of tack 
welding and various fittings such as clips, 


a suitable procedure and adequate super¬ 
vision, the welder himself should be con¬ 
sidered. In ship work, qualification is 
established by satisfactory performance 
of tests adopted jointly by the U. S. Navy, 
U.S. Coast Guard and American Bureau 
of Shipping. To insure that the operator 
will perform the best work of which he is 
capable, the factors which may affect him 
personally should be taken into account. 
Positioning the work makes the welder 
more comfortable and less easily fatigued. 
This is important to a skill which depends 
so largely upon the dexterity of the 
operator. Adequate ventilation, especially 
in confined spaces, and good accessibility, 
are also requisites for comfort and con- 
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sistent good workmanship by men who 
must wear shields or helmets and heavy, 
cumbersome clothing. 

Electrodes properly stored, or condi¬ 
tioned if necessary, for correct moisture 
conte At in the coating, eliminate another 


variable which the welder may or may 
not be able to offset by departing from 
the prescribed procedure. Maintaining 
the welding machines or other power 
sources in good condition relieves the 
welder of the necessity of making his 



Tack lYc/d 








Unsatisfactory arrangement of flat bars 

Fig. 8.—Use of Strongbacks to Minimi** Restraint 
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own corrections in the setting or other¬ 
wise adapting his work to an unsuitable 
current. 



Fig. 9.—Notch Effect Produced by 

Cutting Error 


Shelter from rain or wind not only 
adds to the comfort of the welder but 
often is essential to the welding opera¬ 
tion itself. 

The edges and surfaces to be welded 
should be cleaned to minimize the in¬ 
clusion of foreign matter in the weld 
metal. 

The more difficult and most important 
joints in the ship are often assigned to 
welders who specialize in one type of 
joint. Apart from the experience thus 


same quality and soundness as the joints 
in the strength members themselves. 
Failure of an apparently unimportant 
weld has frequently led to fracture of 
deck or shell plates. 

When errors have been made in cut¬ 
ting or fitting, they may be corrected if 
suitable methods are used and the mis¬ 
takes not covered up. If the edge or 
end of one member does not meet the 
surface of a plate to which it should be 
welded, a liner may be used. (See Fig. 
10.) In butt welds which cannot be 
made to fit up to the correct root open¬ 
ing, one or both edges of the plates may 
be built up using a temporary backing 
strip if necessary, before attempting to 
join the plates by making the butt weld. 
Where defective welding is removed, it 
is essential to prepare the ends of the 
cavity by chipping or gouging to form 
a groove suitable for sound welding which 
will merge into the existing weld. 

Inspection is discussed elsewhere in 
this chapter. However, it should be 
mentioned that any one of the methods 
of subsurface inspection, although used 
only as a spot check, is effective in main¬ 
taining the quality of workmanship. 

Caulking Over Cracks 

There are still cases where an attempt 
is made to caulk leaky welds in both 
watertight and nomvatertight structures. 
This is a serious matter because it means 
that internal cracks are being covered up 
by bobbing the material over them and 
these cracks are being left in the struc- 



Fig. 10.—Us* of Liner to Correct Poor Fit-Up 


gained by the welders, the supervisors 
have the advantage of being familiar 
with the capabilities of these few men, 
and so can better control the quality of 
the work. However, a weld attaching 
even a small fitting to main structural 
strength members sometimes requires the 


ture as potential triggers for a sub¬ 
sequent structural failure. The practice 
of bobbing over cracks is justified only 
in very rare cases on structures which 
will not jeopardize the safety of the vessel 
if a failure should occur. For watertight 
work, particularly on the shell, this pro- 
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cedure is extremely dangerous and should 
be prohibited. Cracks in leaky welds 
should be carefully veed out by gouging or 
by chipping with a suitable round-nosed 
tool and rewelded. 

Cracks which have been hidden by 
peening often lie partially dormant for 
weeks or months. \V bile in this par¬ 
tially inactive condition, such cracks may 
grow under the influence of alternating 
stresses which accompany the motion of 
the ship in the seaway. Sooner or later, 
however, there may be an instant in which 
the material of the ship’s hull is condi¬ 
tioned by temperature to encourage the 
propagation of a crack. W hen this in¬ 
stant arrives, a fairly moderate stress 


conclusion that the locked-in stresses do 
not contribute materially to these failures 
and that longitudinal residual welding 
stresses cannot be altered by variations 
in welding procedures. These conclu¬ 
sions have been widely misinterpreted. 
The presence of locked-in stresses and 
shrinkage forces is not denied and the 
reports specifically caution that care must 
be taken with the welding procedure if 
cracking is to be avoided and distortion 
controlled. Furthermore, it is an estab¬ 
lished fact that reaction stresses perpen¬ 
dicular to the weld can be controlled by 
adjusting the assembly and welding se¬ 
quence. 

The participation of shrinkage stresses 
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Fig. 11 .—Shrinkage Effects of Cooling After Welding 

Note: The same effects, to a lesser degree, are evident in fillet welding. 


resulting from the ship’s motion at sea or 
even from the distribution of cargo can 
be sufficient to cause the small crack to 
propagate rapidly into a serious failure. 
The danger of peening cracks therefore 
cannot be over emphasized. 

Distortion and Cracking 

Experience in the construction of 
welded ships and other large structures 
indicates that certain principles must be 
recognized in carrying out welding pro¬ 
cedures and sequences if distortion and 
cracking are to be controlled. 

Recent investigations of structural fail¬ 
ures in welded ships have resulted in the 


in the phenomena of cracking and dis¬ 
tortion is not fully understood. or 
this reason, it is necessary to focus 
attention directly on the ultimate goa o 
control of distortion and cracking instead 
of the more elusive and unmeasurab e 
shrinkage stress. It is by these tangible 
manifestations that welding procedure an 
sequence can best be evaluated. 

A proper sequence of welding is one oi 
the most important factors in c ^ rryl 2J® 
out the procedures to be followed, 
simple rule, applicable to all cases, can 
be given. The objectives setting up a 
welding procedure are threefold. (U » 
avoid excessive restraint agams 
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shrinkage,' (2) to minimize distortion and 
(3) to facilitate the deposition of sound 
weld metal. These objectives are not 
always compatible and the welding engi¬ 
neer may have to seek a satisfactory com¬ 
promise. 

The weld metal and adjacent heat- 
affected zone of the base metal contract 
on cooling and tend to draw closer to¬ 
gether as shown in Fig. 11. Mass, shape, 
structural attachments and previous weld¬ 
ing may tend to prevent this shrinkage. 


Table 2—Allowances For Shrinkage 


But* Welds 

Transverse—Vie to 8 /s 2 in. for all thicknesses 
Longitudinal 

Over V 2 in. thick—V 32 in. in 10 ft. 

*/b to '/a in. thick—'/as to V 10 in. in 10 ft. 
V« to s /b in. thick—Va 2 to Vaa in. in 10 ft. 
l /« in. and thinner—Via to Va in. in 10 ft. 

Fillet -Welds 

Tucking Allowance 



Over V 2 in. thick—no allowance 
Va to Va in. thick—Va* in. each stiffener 
V« to s /b in. thick—V 32 in. each stiffener 
V* in. and thinner—V 10 in. each stiffener 

Developed for use on flat plates with con¬ 
tinuously welded stiffeners. Intermittent welding 
will result in about one-half the tucking tabu¬ 
lated above, when the weld lengths and spacings 
conform to the requirements for shipbuilding. 


To minimize these tendencies toward dis¬ 
tortion in lighter plates or cracking in 
heavier ones, certain special techniques 
have been found to be effective. Skip, 
back-step, block and cascade welding, in¬ 
termittent welding, pre-bending and peen- 
ing, described in Chapter 43, have all 
proved beneficial under certain circum¬ 
stances. Use of intermittent fillet welds, 
where feasible, is also effective. 

Since shrinkage cannot be avoided al¬ 
together, allowance must be made for loss 
of dimension due to such shrinkage. The 
rules used by one shipyard are given in 
Table 2. In order to minimize shrinkage 
and distortion effects, certain general 
rules of welding sequence have become 
accepted on the basis of long experiences. 
These rules are based on the principle of 


welding toward free ends, -or in the 
direction of greatest freedom. Particular 
attention must be paid to weld junctions. 
The one basic rule which should not be 
broken in this regard is illustrated in Fig. 
12. The correct sequence is shown in 
(a) and the incorrect sequence and prob¬ 
able results are shown in ( b ). The appli¬ 
cation of this rule to plate sequence is 
shown in Fig. 13. It may be extended 
as shown in Fig. 14 almost without limit. 
When used extensively through the mid¬ 
ship body, this sequence results in a 
marked tendency for the ship to rise from 
the keel blocks at bow and stern. This 
tendency may be relieved by welding a 
complete band around the ship and pro¬ 
ceeding forward and aft limiting the com¬ 
pleted welding by a vertical cross sec¬ 
tion instead of permitting the bottom to 
progress ahead of the upper deck. The 
use of subassemblies and panels described 
later facilitates this method. 

Nearly all plated structures in ship¬ 
building are complicated by the attach¬ 
ment of frames, stiffeners, bulkheads, 
etc., to the plating. The extension of 
the general sequence in Fig. 13 to include 
this framing is given in Fig. 15. The 
general idea of this application is to 
permit most of the shrinkage to take 
place before the plates are tied together 
at their edges. On small plates, where 
this method becomes less practical, the 
complete framing may be welded in steps 
3 and 7 of Fig. 15 instead of just the 
unwelded cross-overs. One advantage of 
this sequence of welding plates is that the 
framing may be welded independently of 
the butts and seams so long as the plates 
are not welded together. This permits 
a greater number of welders to be put to 
work and reduces overall time of welding. 

All the illustrations shown so far have 
shown the butts staggered. When butts 
are in line, subassemblies can be welded 
complete in the shop. This permits 
trimming to the exact size after all 
shrinkage has taken place. These sub- 
assemblies are then treated as single 
plates as previously described. (See Fig. 
16.) 

If subassemblies cannot be made on the 
ground because of shape or other peculi¬ 
arity, the sections can be welded as panels 
on the ship using the same idea. The 
seams or butts can be welded complete, 
with regard to local sequence, and all the 
framing to the panel welded complete to 
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within about 12 in. of all panel edges. 
Care should be taken that this welding is 
complete before the panels are tied-in at 
their boundaries. Both the seams and 
framing can be welded without regard to 
overall sequence provided this care is ex¬ 
ercised. This permits large numbers of 
welding operators to be put to work with¬ 
out damage to the structure and since 


1. Do not weld across an open joint 

2. Weld as much of the structure as 
possible in subassemblies before tying 
them into the ship. 

3. Follow a sequence that will mini¬ 
mize distortion and insure good welds. 

Fairing Tolerances 

The following standards for the fairing 
of welded structures are reproduced from 





Crack Here 


or Here 


Fig. 12.—Sequence for Welding Junction of Two Joints 


OR HERE 


Top (a) Correct sequence 

Bottom (b) Incorrect sequence (left) and probable result (right) 


there are only a few tie-in welds to be 
made, the overall structure shrinks al¬ 
most parallel to the base line and greatly 
reduces the tendency to rise at the bow 
and stern. 

If the basic principle given in Fig. 12 
is strictly followed and every effort made 
to obtain sound welds, cracking may be 
avoided. All the illustrations are merely 
extensions of this basic principle and are 
given to illustrate the simplifications which 
can be made with what seems to be a 
complicated structure. Attempts to break 
welding sequences into smaller individual 
steps lead only to such complicated prac¬ 
tices that they cannot be followed in the 
field. The sequence should be simple and 
practical with steps large enough to per¬ 
mit a reasonable number of welders to 
work. 

All of the foregoing rules pertaining to 
welding sequence may be summarized as 
follows: 


Specifications for Welding, Part I — Gen¬ 
eral commonly known as Appendix 5— 
U. S. Navy: 

“Straightness of Structures .—Where 
straightening of structure is required, it 
shall be postponed as long as practicable 
during the building period, so that one 



Fig. 13.—Proper Sequence for Welding 

Plating 

1. Weld butt complete 

2. Weld inboard seam complete 
J. Weld outboard seam complete 
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Fig. 14.—Proper Sequence for Welding Typical Bottom Shell 


straightening operation will give the de¬ 
sired result. Where increase of cost will 
not result, straightening shall be delayed 
until the temperature of the structure to 
be straightened is at approximately the 
temperature that is to be expected under 
service conditions. 

“In the interest of economy and to 
prevent surface marring of the structure, 
straightening of the plating shall be kept 
to a minimum. 

“The unfairness of welded plating shall 
not exceed the tolerances shown in Fig. 


17. In applying these tolerances, the un¬ 
fairness of the plating shall be measured 
across the minor dimensions of the panel." 

INSPECTION 

Adequate supervision and inspection 
procedures are necessary in order to in¬ 
sure high quality workmanship. In the 
case of groove welds a considerable por¬ 
tion of this may be visual inspection of 
groove preparation, prior to welding. 
Root openings which are too small to 



Fig. 13.—Proper Sequence for Welding Plating and Attachment* 

Weld butt comple,f irder ‘° P ‘ a,eS '° Within about 12 ‘ n of M unwelded butts and seam. 

Weld unwelded portion of girder in way of butt 
Weld inboard seam 

Weld unwelded portion of frames in way of inboard seam 

Weld outboard seam 

Weld unwelded portion of frames 
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permit complete penetration at the root 
are likely to result in inadequate gouging, 
back chipping and incomplete fusion of 
the finished weld. Root openings which 
are too wide may also be the cause of 
unsatisfactory welding if the sides of the 
groove are not built-up with care before 
bridging across the opening. After weld¬ 
ing L completed, visual inspection is only 
effective in determining acceptabilty of 
weld contour, undercut, etc., and under 
some conditions a more searching means 
of inspection may be desirable to check 
the weld quality throughout the joint. 

The principal means of inspection of 
finished welding which are currently em¬ 
ployed in shipbuilding are trepanning, 
probing, radiography and magnetic par¬ 
ticle inspection. Limited use has been 

made of recently developed ultrasonic 
inspection equipment. 


to the surface. It is unreliable for sub¬ 
surface inspection. See Chapter 42, In¬ 
spection of Welding for a more detailed 
discussion of these inspection methods. 

The more serious types of defects which 
are likely to be found by trepanning or 
radiography are cracks, incomplete fusion 
and excessive slag. These defects are not 
only serious in themselves as a common 
cause of weld cracks but they may also 
provide seepage channels which destroy 
watertightness. Radiographic examina¬ 
tion is not always efficient in detecting 
cracks. This should be borne in mind 
when judging the acceptability of welds 
by radiography. For this reason, mag¬ 
netic particle inspection is frequently used 
in conjunction with radiography when the 
presence of cracks is suspected. 

\\ hen defects of an unacceptable na¬ 
ture, as determined by the governing 



Fig. 16.—Proper Sequence for Welding Side Shell 


1. Weld seams in panels Pi and P2 

2 Weld all framing to within 12 in. of panel edges 

3. Treat panels as individual plates in overall sequence 


In the trepanning method, a sample of 
the weld is cut from a selected area and 
a cross section of the weld is prepared for 
macroscopic examination, in radiography 
a shadow picture of the weld is obtained 
on a film exposed to gamma rays 
(radium) or X-rays. The advantages 
of this method are that it examines a 
larger sample of the weld (usual film 
length is 10 to 17 in.) and, if the in¬ 
spection proves the original weld to be 
sound, no repairs to the welding are 
necessary . The magnetic particle method 
is essentially limited to defects extending 


standard, are located, it is necessary to 
remove the defective weld metal and re- 
weld. The weld metal may be removed 
by oxygen cutting, oxygen gouging or 
by chipping, depending upon the amount 
of removal involved. Removal of the 
defects to their full extent is usually 
checked by magnetic particle inspection 
of the excavation, and the adequacy of 
the final repair is determined by sample 
radiographs. 

Regardless of the relative merits of 
the method used for internal inspection of 
the welds it has been adequately demon- 
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Fig. 17.—Tolerance for Fairness of Welded Structures 


A. To be used on living quarters and longitudinal bulkhead plating 

unfairness of 1 in. per panel width will be permitted. h 

B. To be used on deck plating. 

C. To be used on shell plating. 


In other bulkheads 


strated that the benefits are threefold. 
First, an effective inspection method is 
provided. Second, the psychological effect 
of introducing inspection equipment into 
the shop and on the shipways results in an 
immediate general improvement in the 
quality of welding. Third, an overall 
economy in construction results if the 
quality of welding is maintained at a 
high level. 

Although only a comparatively small 
percentage of the total footage of welding 
is checked, several of the wartime ship¬ 
yards reported that their welders took 
greater care in making welds when tliev 


knew there was a possibility that the 
welds might be radiographed or probed. 
Most of the yards attributed as much as 
90% of the benefit of subsurface inspec¬ 
tion to the psychological influence on the 
welders. Of course this substantial bene¬ 
fit cannot be achieved unless each weld 
is identified with the welder so that 
a quality incentive plan can be associated 
with the subsurface inspection. 

Normally a certain amount of weld re¬ 
jection and replacement can be expected 
on the basis of surveys made by inspec¬ 
tors of prospective owners and classifi¬ 
cation societies. This removal and re- 
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placement is very costly. The increased 
quality which results from the introduc¬ 
tion of subsurface inspection reduces the 
weld replacement loss. Most shipyards 
reported that the saving on replacement 
cost, more than offsets the cost of the 
inspection. No measurable decrease in 
the overall weld production rate was 
found after the subsurface inspection 
system had achieved an accepted position 
in shipyard routine. 

REPAIR INSTRUCTIONS 

The repair work to be done on the 
hull structure should be carefully studied 
and a procedure for doing the work laid 
out in advance. In making repairs the 
following points should be kept in mind, 
to assure that proper techniques are 
used: 

1. The fractures in hull plates, etc., 
usually start at localized concentrations 
of stress. In the preliminary inspection, 
the first thing to be determined is whether 
or not the fracture started in a notch or 
sharp angle (stress raiser), and if it did, 
to provide for the elimination of this 
feature. 

2. When large breaks have occurred 
and where considerable material is to be 
removed and new plates, frames, etc., 
are to be inserted the repairs may pos¬ 
sibly involve appreciably more restraint 
with less latitude for proper welding and 
direction sequences than in new construc¬ 
tion so that careful planning is absolutely 
essential. 


3. In the repair of cracks in the plating 
of vessels where it is not intended to 
add new material, somewhat different 
conditions prevail and the following 
should be observed : 

(a) Locate the ends of the crack and 
at a point not less than one plate thick¬ 
ness beyond the apparent end of the 
crack drill a hole of diameter about 
equal to the thickness of the plate. 

(b) After veeing out, if a crack has a 
root opening too wide for closing with 
the first bead, build up the crack with 
light beads, until a standard joint is 
prepared, then weld up as usual. 

(c) In general, material should not 
be removed unless the crack has opened 
up to a large extent or there is definite 
evidence of deterioration or poor quality 
in the fractured plate. The fact that 
the plate cracked should not be taken 
as prima facie evidence that the steel 
is inferior in quality to other parts of 
the structure. 

4. When possible, repair welding should 
be avoided in cold weather, particularly 
when the temperature is below freezing. 
However, the effects of cold weather may 
be overcome by preheating to about 
150° F., before welding. Heavy sections 
should be preheated prior to making a 
repair, regardless of the ambient tem¬ 
perature. A tent or shelter should be 
used to protect the welder and the work 
from bad weather, and the arc from 
strong winds, and should always be used 
when the temperature falls below zero. 
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CHAPTER 53 


RAILROADS* 


LOCOMOTIVE CONSTRUCTION 
Codes 

There are no generally applicable 
codes covering welding as applied to the 
construction of new locomotives except 
the ASME Boiler Construction Code, 
Section III, Rules for Construction of 
Boilers for Locomotives, and certain re¬ 
quirements of the Federal Bureau of 
Locomotive Inspection pertaining chiefly 
to welding on safety appliances. 


steels can be subject to objectionable 
hardening in the heat-affected zone when 
welded without preheating. Similarly, 
steel castings are generally purchased to 
AAR Specification M-201-46 and with 
few exceptions can be welded without 
special handling. For the details cover¬ 
ing the proper methods of welding any 
particular type of steel, the chapter relat¬ 
ing to that material should be consulted. 

Processes 


Applicable Specifications 

The application of welding to locomo¬ 
tive boilers has been retarded by legal 
regulations, but recently progress has 
been made, under suitable safeguards, and 
a number of all-welded locomotive boilers 
are now in service. The details of the 
design and construction of boilers are 
covered in Chapter 51. It is sufficient to 
point out here that the principal reason for 
desiring an all-welded boiler was to find a 
solution to the problem of cracking in the 
riveted joints of high pressure boilers. 
Such cracking led to excessively high 
maintenance costs as well as to tying up 
badly needed locomotives. 

Welding as applied to locomotive con¬ 
struction is confined chiefly to plain car¬ 
bon steel plates or steel castings. The 
plates may be of firebox, flange or struc¬ 
tural steel purchased to AAR Specifica¬ 
tions M-l 15-47 or M-l 16-45 for such ma¬ 
terials. Some alloy and other special steels 
are in experimental use. None of these 
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Shielded metal-arc welding is used for 
the bulk of the welding in locomotive 
construction. Covered electrodes, as 
covered by AWS-ASTM Specifications 
for Mild Steel Arc IVelding Electrodes 
and Specifications for Low-Alloy Steel 
Arc-Welding Electrodes are normally 
used (see Chapter 38). In recent years 
submerged arc welding has been used to 
a limited extent in constructing welded 
boilers. 

Design Considerations 

The use of welding on steam locomo¬ 
tives has not resulted in any extensive 
changes in design other than the change 
from riveted to welded joints. Certain 
design changes have been made concur¬ 
rently with the adoption of welding, but 
not due primarily to the use of welding. 
No generally applicable statistics are 
available from which comparisons can be 
made of cost of welded vs. riveted con¬ 
struction in locomotives and tenders. It 
is certain, however, that welding has 
effected large reductions in the amount of 
repair work required. Economies in 
operation due to the elimination of leak¬ 
age at the joints in fireboxes have re¬ 
sulted, and the elimination of leakage 
has in turn been one of the important 
tactors contributing to improved perform¬ 
ance of the steam locomotive, longer loco¬ 
motive runs and more intensive use. 
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Fig. 1.—Typical Welded Firebox 

box. Another variation makes use of a 
continuous sheet for the sides and crown. 
Several railroads rivet the crown sheet 
to the flue and door sheets and the joints, 
after caulking, are seal welded in some 
instances. * 

Door .—Figure 2 shows the firebox door 
hole flange of the back head. Another 
method of designing this joint is to lap 
the flanges and apply a fillet weld around 
the circumference. The first method is 
generally preferred. 

Tubcs and Flues .—After the fire tubes 
and superheater flues are applied in the 
firebox flue sheet in the conventional 
manner by prossering, rolling and bead¬ 
ing, the beads are usually seal welded as 
shown in Fig. 3. 

Syphons. — Butt joints welded from both 
sides using a double-V groove are gen¬ 
erally used for attachment of the flanges 


Fireboxes 

Construction .—Lap joints, welded on 
the fire side only, were at one time com¬ 
mon in firebox construction, but in pres¬ 
ent practice only butt joints have been 
used. In new construction, and in repairs 
where practicable, all joints, except the 
one at the door-hole flange, are welded 
from both the fire and the water sides; 
single-vee groove welds are applied on 
the fire side after which the root is 
chipped out on the water side of suffi¬ 
cient depth to remove all flaws, and re¬ 
welded to provide complete penetration. 
Figure 1 shows a typical completely 
welded firebox and combustion chamber 
with a one-piece crown sheet. In some 
construction the crown sheet is in two 
pieces with a transverse weld joining the 
section comprising the top of the com¬ 
bustion chamber with that over the fire¬ 



Fig. 2.—Typical Method of Joining Door Hole Fig. 3.— Seal Welding Sheet 

Flanges and Superheater Flues to Back Flue tone 
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Fifj. 5.'—Conventional Installation of Circulators in a Firabox and Combustion Chamber 


of syphons to the crown sheet except in bustion chamber is shown in Fig.. 5. 
instances where the installation is made in Boiler Shells .—Welding is limite on 
existing fireboxes in which event single- the shells of conventional rivete * yP e 

vee groove welds are sometimes used with locomotive boilers to preclude app ica 

the welding applied from the fire side. tions on unstayed parts, unless t e pa 

Fillet welds are used at the neck connec- to which the welding is app ie is s 

tion to throat sheet. A conventional in- ported by other construction 13 
stallation of syphons in a firebox and maintain the required factor o . 

combustion chamber is shown in Fig. 4. The principal uses of we mg 

Circulators. —A conventional installa- boiler shells are: , 

tion of circulators in a firebox and com- Seal Welding. The a ut ing 
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of shell plates of joints having inside 
and outside butt straps are welded at 
the ends for tightness as shown in Fig. 
6. The outside and inside firebox 
sheets are seal welded to the firebox 
ring at the corners after caulking; and 
seal-welding is applied after caulking, 
to the joints of the outside side sheets 
and throat sheet and back head for a 
distance of from 12 to 20 in. upward 
from the firebox ring. 

Flexible Staybolt and Radial Stay 
Slcez’es and Caps. —Flexible staybolt 
and radial stay sleeves are welded to 
the outside firebox sheets, including the 
roof sheet and combustion chamber 
shell course. Threaded sleeves were 
previously standard practice, before 
welding was adopted but as they neces¬ 
sarily had very few full threads in the 
sheet they were subject to leakage. 
Various types of sleeves are shown in 
Fig. 7. 

Stoker Inlet. —Some stokers dis¬ 
charge coal into the firebox through 
sleeves in the form of large tubes which 
extend through the back head and door 
sheet. The edges of the sleeves are 
beaded and welded to the door sheet 
and back head in a manner similar to 
that described under Tubes and Flues. 

Non-Pressure Parts,— Welding is 
used extensively to form joints in non¬ 
pressure parts such as shrouding, steam 
dome and sand box casings, ash pans 
and smoke boxes, but as these present 
no problems the practices are not dis¬ 
cussed in detail. 


Locomotive Cylinders 

One of the recent and interesting de¬ 
velopments involving applications of 
machine oxygen cutting and arc welding 
to locomotive construction is the produc¬ 
tion of all-welded locomotive cylinders 




Fig. 6.—Seal Welding at End of Butt Straps 


fabricated from steel plates. These cyl¬ 
inders, although 15% lighter than the cast 
cylinders they replace, are nevertheless 
stronger and lower in cost. Nearly two 
hundred and fifty of these welded cylin¬ 
ders have been put into service with 
highly satisfactory results. Details of the 
cylinders as manufactured by one rail¬ 
road are given in the table below. 


Composition of steel 


Plate thickness, in. . 

Lineal feet of oxygen 

cutting . 

Weight of electrode 

required . 

Weight of finished 

cylinder . 

Temperature of stress 

relieving. 

Tested hydraulically 


....AAR Specification 
M 1 1 5-47, Flange 
Quality 

• •••Vs, */*, 1 , li/ 4 and 
1 */2 

....1050 


1350 lb. 
13,600 lb. 


at. 


1050° F. 
500 lb. 


for 5 hr. 
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Figures 8 and 9 show the parts required 
and the completed cylinders. 

Air Reservoirs 

Air reservoirs, which were originally 
made from sheet steel by riveting the 
longitudinal seams and attaching the 
heads by forge welding are now fabri¬ 
cated entirely by welding, submerged arc 
welding being especially favored and 
adapted to this type of work. 

Locomotive Tender Construction 

Tender Tanks .—Tanks are now fabri- 


standardized and vary considerably with 
different designs. In some designs the 
tanks are all-welded and the swash plates 
are attached to the tee or angle stiffeners 
by riveting whereas in other instances 
all attachments are welded. The outside 
sheets are joined by continuous single¬ 
groove welded butt joints and the out¬ 
side surfaces of the welds are ground to 
present a smooth surface. 

Welded swash plates, braces and bulk¬ 
heads are generally fabricated ready for 
attachment by welding in their proper 
positions in the tank to permit the major 



Fig. 8.—Parts for a Welded Locomotive Cylinder 


cated by welding. The plate material is 
usually structural steel conforming to 
AAR Specification Ml 16-45 or one of the 
various types of low-alloy, corrosion-re¬ 
sisting steels. 

Tees or angles, employed as stiffeners 
for the relatively thin sheets and to attach 
swash plates, are generally welded with 
intermittent fillet welds although in some 
constructions continuous welds have been 
used. The location and arrangement of 
the tee or angle stiffeners have not been 


rtion of the welding to be done in the 
en, thus leaving very little welding to 
performed inside the tank after it be- 
mes a partially closed structure, 
rhese tanks are generally of the rec- 
lgular type though a number of semi 
inderbilt, flat-top tanks have been com- 
:tely fabricated by arc welding. When 
istructed for use with oil-burning oco 
.lives some of the tenders have two 

.arate compartments, one for watet " 
e for fuel, while others have separate 













RAILROADS 


\2Z\ 


fuel oil tanks that fit into the conventional 
coal space. 

Welded tanks have been constructed 
with plate bottoms for mounting on the 
so-called open-bottom type tender frames 
which have floor boards upon which the 
tank rests. Others are built on cast-steel 
water-bottom tender frames which form 
the bottom of the tank and to which the 
tank plates are welded. 

Welded tenders range in capacity up to 
25,000 gal. of water and 30 tons of coal 
or 4000 gal. of oil. 

Tender Frames and Tender Truck 


limited. The welds are usually of the 
fillet type and the same procedure as that 
employed for tender frames has been 
found to give the best results. Some of 
these trucks are made of structural ma¬ 
terial with steel castings for the more 
complicated portions, partially welded and 
partially riveted. 

Inspection and Testing 

Inspection and testing of welds used in 
locomotive and tender construction does 
not involve X-ray examination with the 
exception of the all-welded boiler. Rail- 



Fig. 9.—Welded Locomotive Cylinder 


/’ rames .—A limited number of tender 
frames are made of structural steel shapes, 
such as H-beams, I-beams or channels 
with the necessary cross-bracing tran¬ 
soms, end bumpers, etc., which are arc- 
welded usually with fillet welds. When¬ 
ever possible this type of work is stress- 
relieved but good results in service are be¬ 
ing obtained from assemblies which have 
not been stress relieved. In this work for 
best results it is important that the weld¬ 
ing be done in the flat position. 

In common with welded tender frames 
the number of tender truck frames that 
have been constructed by arc welding is 


road welders are ordinarily qualified under 

the AS ML code requirements described 

in Chapter 60 before being permitted to 

do welding on joints subjected to pres¬ 
sure. 


The firebox welds are tested first when 
the boiler is given a hydrostatic test equal 
to 125% of working pressure and second 
when the boiler is given a fire test and the 
steam pressure is raised to 1107c of work¬ 


ing pressure. 

Locomotive tender welds are tested for 
leaks by filling the tender with water. 

The ICC code requires that air reser¬ 
voirs be tested hydrostatically every 
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twelve months at 25% above the maxi¬ 
mum allowed air pressure and that the 

entire surface be hammer tested at least 

% 

once each eighteen months. 

Maintenance 

Codes. —A somewhat different condi¬ 
tion with respect to codes exists in the 
applications of welding for the mainten¬ 
ance of locomotives and tenders than is 
the case in the fabrication of new equip¬ 
ment. Each common carrier is primarily 
responsible under the terms of the Fed¬ 
eral Locomotive Inspection Law, which 
prohibits welding on only a few specific 
parts such as safety appliances, cracked 
driving rods, cracked wheel spokes, and 
welds inside the cabs. In general, the 
Federal Bureau of Locomotive Inspection 
controls welding practices under author¬ 
ity of the “condition and suitability for 
service” provisions contained in the law. 
In conformance with this responsibility, 
each major railroad issues its own in¬ 
structions, sometimes in the form of a 
welding manual, to govern welding prac¬ 
tices for the maintenance of any locomo¬ 
tive used on its line. Ordinarily neither 
radiographic inspection, stress relief, nor 
other special tests or treatments are made. 

Materials and Processes .—Maintenance 
welding involves materials other than 
those mentioned under construction. No¬ 
table among the additional materials are 
cast and malleable iron, bronzes and 
aluminum alloys. Arc-welding with 
covered electrodes is in general use on 
steel parts although some railroads still 
use light-coated or bare electrodes for 
some work. Gas-welding equipment is 
used to some extent on steel, especially 
where arc-welding equipment is not avail¬ 
able, and is, of course, essential for braze 
welding cast- and malleable-iron parts or 
cast iron with cast-iron welding rods. 

Fireboxes. —The general details of fire¬ 
box welding, when renewing the entire 
firebox, are essentially the same as for 
new construction and need not be repeated 
here. Completion of the welding on the 
firebox before inserting it in the back 
end of the boiler results in highest quality 
joints as the firebox can be turned to 
permit welding from the most advanta¬ 
geous position and all points can be welded 
from both the fire and water sides. In 
other instances the various sheets are pre¬ 
pared for single-vee groove welds, as¬ 
sembled in the back end, properly aligned, 


tack welded and then welded from the 
fire side. Where accessible, welding is 
also applied from the water side as in 
new construction. The welding condi¬ 
tions are arranged to facilitate making the 
water side of the weld clean and flush 
with the sheets with no gaps in which 
mud or sediment may collect. 

Renewal of Sheets, Part Sheets and 
Application of Patches. —Firebox sheets 
are renewed in whole or in part, or 
patched, with sheets of firebox steel equal 
in thickness to the section removed. The 
joints are prepared and welded in the 
manner described in the foregoing para¬ 
graph. All welds are located midway be¬ 
tween the two rows of stays and, where 
possible, welding is applied from both 
fire and water sides. 

Pitting and grooving, due to Gorrosion, 
commonly occur in back flue sheets across 
the top knuckle and in the course of time 
develop into a crack. Repairs are made 
in some cases by cutting out the defective 
parts and inserting a butt-welded patch. 
In the best practice these patches are 
welded from both the fire and the water 
sides. Other defective parts of these 
sheets are cut out and new sections 
welded in place. In the application of 
small patches, the welding is sometimes 
applied from the fire side only to avoid 
the necessity of removing any consider¬ 
able number of flues. Various types of 
repairs are also made to front flue sheets 
by cutting out portions containing defects 
and welding in new sections in a manner 
similar to that followed in the repair of 
back flue sheets, although the front flue 
sheets generally last much longer than the 
back ones. 

Seal welding of superheater flues and 
boiler tubes follows the same practice as 
in new construction. The old tubes and 
flues that are removed may still be satis¬ 
factory for service except for the ends, 
which are destroyed when the tubes are 
removed, and some corrosion pits. If o 
tubes and flues are suitable for service, 
they are prepared for re-use by cutting 
off about one foot or less at each end and 
then lengthening the tube to the desire 
length by welding on a short piece o ne\v 
tube. Corrosion pits are gas welded and 
the tube or flue applied in the same man¬ 
ner as a new one. 

Cracks. —Cracks in firebox sheets not 
extending farther than the length o ' 
staybolt pitches are grooved and welded 
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if the base metal is otherwise serviceable. 
Staybolts, if within the line of welding, 
are removed and replaced after comple¬ 
tion of the welding. Some railroads ap¬ 
ply patches to areas containing welded 
cracks at the first opportunity when the 
locomotives are out of service for repairs. 
Cracks in front and back flue sheets 
through the bridges between flue holes 
and elsewhere are grooved and welded. 
Cracks in firebox rings and complete 
breaks are also grooved and welded and 
new sections are welded in when required. 

Patches. —Butt-welded patches are ap¬ 
plied to surfaces supported by staybolts 
of normal spacing in the outside throat 
sheet, outside side sheets and back head. 
The bottom weld is located not lower 
than the bottom row of staybolts, or the 
patch extended to the bottom of the fire¬ 
box ring and riveted thereto; the joints 
of all patches are located midway between 
two rows of staybolts. Welded joints 
in the back head inside of the cab or 
welded joints in the outside side sheets 
that extend inside of the cab are required 
to be covered with a riveted patch. 

Tenders .—Repairs to welded tender 
tanks follow the same methods as used 
in original construction. Cracks in the 
sheets are grooved and welded if the con¬ 
dition of the base metal warrants, sheets 
and part sheets are renewed, cracked 
swash plates and the attachment welds for 
the plates and bracing are rewelded, and 
reinforement in the forms of tees, angles 
or plates is applied to parts and in loca¬ 
tions that show evidence of failure. 

Riveted tanks are repaired in a similar 
manner. 

Repairs to welded tender frames and 
welded tender truck frames follow the 
same procedure as for new construction. 

One-piece cast-steel tender frames, 
many of which are of the water-bottom 
type, one-piece cast-steel, tender truck 
frames and cast-steel truck side frames 
are very generally used by all railroads, 
and repairs to these members can best be 
effected by arc welding. The procedure 
followed in applying repairs to cast-steel 
tender and tender truck frames is similar 
to that for welding of new steel castings 
of comparable section. Repairs to cast- 
steel, truck side frames are made in con- 
ormance with Rule 23 of the Association 
of American Railroads Code of Inter¬ 
change Rules governing the condition of 
and repairs to freight and passenger cars. 


Locomotive Frames. — Repairing 
cracked or broken steel castings and re¬ 
storing worn parts constitute an impor¬ 
tant part of the welding done on locomo¬ 
tives. One of the major steel castings 
frequently repaired is the locomotive 
frame. This may consist of the entire 
engine bed in some of the newer loco¬ 
motives or of individual steel frames. 
Older locomotives have cast frames while 
some of the newer ones have frames 
which have been oxygen-cut from a rolled 
steel plate. (Wrought iron frames, once 
used extensively, have now been quite 
generally retired.) When the frame 
breaks, it is usually in an irregular pat¬ 
tern necessitating cutting out a large 
amount of metal with a torch in prepa¬ 
ration for welding. Frames are com¬ 
paratively rigid members and therefore do 
not yield readily as the large volume of 
weld metal shrinks. Unless precautions 
are taken to spread the members by 
means of jacks before beginning to weld, 
there is considerable probability that the 
shrinkage will cause either a break in the 
weld or a new break in the frame. Com¬ 
mon practice is to allow about V« in. 
<\t panston, as it is termed, for shrinkage 
of the weld metal. 

Broken frames have been repaired by 
thermit welding, brazing, bare metal-arc 
welding, and finally by the modern prac¬ 
tice of shielded metal-arc welding. Both 
thermit welds and brazed joints are still 
in service. 

Frame welds may be finished by grind¬ 
ing to provide a smooth transition from 
the welds to the base metal. In addition 
some railroads prefer to stress relieve the 
welds by heating them with charcoal, or 
other fuel, suspended in a basket around 
the joint, or by means of an oil torch. 

Wheels .—Steel wheels break in the rim 
or spokes and ICC regulations require 
that if three adjacent spokes or 25% of 
all the spokes in a wheel are broken, the 
locomotive must be withheld from service 
until repairs are made. Broken rims are 
repaired in the usual manner by cutting 
out the crack with a torch and welding 
with covered electrodes. The tire must, 
of course, be removed while this is being 
done. In the case of broken spokes, 
especially the short ones, it is necessary 
to spread the joint with jacks after the 
crack has been cut out from both sides. 
Unless this precaution is taken the weld 
may crack in cooling. 
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. Many other parts such as steel cylin¬ 
ders, roller bearing- housings, guide yokes, 
shoes, wedges and binders are repaired 
by welding. 

Brazc-Welding of Castings. —In recent 
years the practice of building up the 
wearing faces, such as the hub face and 
the shoe and wedge faces of cast-steel 
driving boxes with a bronze welding rod, 
usually a leaded bronze, has been widely 
adopted. Crown brasses and other large 
bronze bearings are similarly reclaimed. 
The usual practice is to apply the bronze 
welding rod by either metal-arc or car¬ 
bon-arc welding, using electrodes one- 
half inch or larger in diameter. 

Welding Cast Iron Parts. —Most cast- 
iron parts that become cracked or broken 
are repaired by braze-welding only a few 
being welded with cast iron. Some arc 
welding has been used with special elec¬ 
trodes but the results have not been uni¬ 
formly successful. One of the largest 
parts commonly repaired is a cylinder. 
Breaks in the cylinder barrel or valve 
chamber are the easiest to repair. If the 
cracks extend into the internal stiffening 
ribs it is difficult, if not impossible, to 
gain access to them for chipping. In such 
cases the cylinders should be scrapped as 
the external welds will not last indefi¬ 
nitely when cracks are present in the in¬ 
ternal bracing bar. It is practical in some 
cases to remove a section of the external 
wall to give access to an interior wall for 
braze-welding. 

Cylinders must be preheated to about 
700° F. before braze -welding and to a 
still higher temperature if the welding is 
to be done with cast-iron rods. This is 
accomplished by enclosing the cylinder in 
a temporary furnace constructed of fire 
brick with loose bricks or openings to 
permit manipulation of the torch. When 
the braze-welding or welding is com¬ 
pleted the fuel bed is renewed and the 
fire allowed to burn out undisturbed so 
that the entire cylinder will cool slowly 
to shop temperature. 

One of the most important details in re¬ 
pairing a broken cylinder is proper prep¬ 
aration of the crack. It is opened up by 
means of a chipping gun to at least Vs-in. 
wide at the bottom. Holes may be drilled 
at the ends of the crack, preferably lo¬ 
cated by magnetic particle inspection, to 
prevent further spreading. The surfaces 
to be welded should be sand blasted to re¬ 


move any graphite, oil or other contami¬ 
nants. 

Cast-Iron Wheel Centers .—Some of 
the older locomotives are equipped with 
cast-iron wheel centers on which the steel 
tires are mounted. It is necessary to re¬ 
pair broken spokes in these wheels just 
as in the case of steel wheels (rim breaks 
are not necessarily repaired). The lack 
of ductility in cast iron is compensated 
for by making a cut in the rim of the 
wheel to allow some movement during 
cooling after the braze-welding has been 
finished. 

Back Heads. —Steam leaks around the 
back head of a locomotive cylinder are 
objectionable in the winter because they 
obscure the vision of the engine men. 
Bolted heads are difficult to maintain 
leak-proof, so some railroads have re¬ 
sorted to braze-welding these heads to the 
cylinder. A U groove is machined in the 
steel head and four studs are used to hold 
it in place while braze-welding is accom¬ 
plished. Preheating the cylinder is es¬ 
sential and sand blasting of the joint be¬ 
fore welding desirable. A properly braze- 
welded head remains tight during the 
serviceable life of the cylinder. 

Numerous other iron castings on a 
locomotive, air pumps for example, are 
repaired using the same fundamental pro¬ 
cedure outlined above. One exception to 
the above procedure is the application of 
brass to locomotive pistons, in this case 
to restore worn off metal instead of re¬ 
pairing a fracture. The metal is usually 
applied only to the bottom half of the 
piston. Preheating is common practice 
as is also the use of flux-coated, man¬ 
ganese bronze rods. 

Chapter 28 should be consulted for 
further information on the welding of 
cast iron. 

Welding on Medium and High 

Carbon Steels 

Very little welding is done on medium 
or high carbon steels, whether they are 
plain carbon or alloy. These steels are 
used for critical forgings such as axles, 
motion work, rods, pins, wheels and tires. 
Welding of cracked rods is not permitted 
under the ICC rules but restoring worn 
metal on the ends of side and main rods 
is permitted and practiced to some ex en 
under properly controlled condi io ■ 
Welding worn flanges of wheels and ti 

is not approved. 
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Welding on Low-Carbon Steel Parts 

There are practically no restrictions 
covering the welding of parts made of 
low-carbon steel whether they are . forg¬ 
ings, pressings or other fabrications. 
Welding is used to repair cracked or 
damaged parts, restore worn metal and 
fabricate new parts. Such items as 
brackets, equalizers, hangers, transoms 
and supports of various types are some of 
the numerous items in this class. Hard 
surfacing may be applied at the wearing 
zones to lengthen the life of the part. 

See Chapter 21 on Surfacing for further 
details. 


Diesel Electric Locomotives 

The Diesel locomotive is constructed in 
a similar fashion to other units used on 
the railroads such as the freight and 
passenger cars. The unit is made up of 
an underframe, side frames, nose end, 
rear end and roof section. 

Design .—Design of these various com¬ 
ponents is based on the use of mill sec¬ 
tions such as I-beams, channels, angles, 
and bars. Some forgings and castings 
are also used. The joining of these mem¬ 
bers into a finished product is done by 
means of various welding techniques. 

The acceptance of this type of motive 



Pig. 10.—■Underframo of 

Inspection and Testing 

Very little in the way of inspection or 
testing is done on welds made in mainte¬ 
nance work, firebox and flue welds may 
be tested hydrostatically following ex¬ 
tensive firebox renewal work. Welds 
m tender side walls are tested by filling 
the tank with water. Soundness of welds 
may be checked while machining a part. 
Other than the above, the quality of a 
weld is determined by the serviceability 
of the welded part. Magnetic particle in¬ 
spection equipment is available in many 
^hops and may be used in inspecting 
welds or locating cracks in preparation 
tor welding. (See Chapter 42.) 


Diosel-Electric Locomotive 

power by the railroads has created suffi¬ 
cient manufacturing volume to permit 
certain principles conducive to high pro¬ 
duction, high quality weldments. These 
principles include the use of subassemb¬ 
lies, control of fit-up and welding se- 

ve use of posi¬ 
tioned welding. 

Subassemblies.— The breakdown of the 
car body into subassemblies allows the 
employment of jigs and fixtures to per¬ 
mit the assembly of the detail parts ac¬ 
curately. It further allows their fabrica¬ 
tion in a flat position so that AWS- 

™ , E ~ 6 ° 20 ' E - 6 ° 30 ' ™ and 

L-/030 electrodes may be used to permit 

high welding speeds. The regularity of 
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procedure and sequence in welding jigged 
subassemblies results in accurate weld¬ 
ments with proper states of residual 
stress so that the final assembly is readily 
welded without excessive cutting and 
fitting. Due to the relatively small size 
of the unit subassemblies, the important 
ones may be easily stress relieved to re¬ 
duce stresses to a known level and stabil¬ 
ize them for accurate machining when 
this is necessary. Figure 10 shows the 
underside of an underframe illustrating 
the heavy beam construction of the center 
sills to which are joined various wrought 
cross members and plates. Manual metal- 
arc and submerged arc welding are used 
in this fabrication. Low-alloy, high- 
strength steel is used for the more highly 
stressed portions and plain carbon steel 
of specified chemical and mechanical 
properties for the balance of the structure. 

Crankcase .—The size of the crankcase 
for a long life Diesel engine as required 
in railroad service is such that it is very 
difficult to make as a casting. This vital 
part is therefore made by welding to¬ 
gether wrought members such as plates 
and forgings of carbon or alloy steel 
with properties suitable for the stress 
level of the part. Prior to machining the 
complete assembly is stress relieved in a 
circulating-air type furnace with auto¬ 
matic zone control. The same welding 
principles as apply to the car body struc¬ 
ture are used in the manufacture of the 
crankcase. Subassemblies, downhand 
positioning and the use of jigs and fix¬ 
tures insure a high quality, dimensionally 
accurate product. 

The welding of crankcase end and 
cover plates in the downhand position is 
accomplished by positioners as shown in 

Fig. 11. 

Miscellaneous .—Due to the heavy sec¬ 
tions joined and the continuous nature of 
the joints, extensive use is made of sub¬ 
merged arc welding. The underframes, 
parts of the superstructure and the crank¬ 
case are partially welded by this process. 

Figure 12 illustrates the side frame jig 
which allows the use of downhand elec¬ 
trodes for welding these important mem¬ 
bers which are used as stress-carrying 
members in a diesel-electric locomotive. 

Spot welding is used to join sheet metal 
parts up to 8 /s in. thick and electronically- 
controlled equipment is used on the highly 
stressed applications. 

Miscellaneous other welding processes 


are used in Diesel-electric locomotive 
manufacture. Stud welding, torch and 
resistance brazing using silver alloys and 
soft soldering are practiced extensively in 
production. 

Mention of the equipment and processes 
used in joining the parts of the locomo¬ 
tive is only a partial story. Adequate 
supervision, proper welding procedures, 
and an independent inspection organiza¬ 
tion are fundamental adjuncts to attain 
high quality and production levels. 

RAILROAD PASSENGER CARS 

Materials 

Low-Alloy High-Tensile Construction. 
—In 1912, shortly after the advent of the 
all-steel passenger car, the Post Office 
Department issued a specification for the 
construction of railway mail cars. 

This specification deals with the loads 
to be resisted, allowable stresses, mini¬ 
mum section moduli of various members, 
and other significant details vital in case 
of collision. 

In 1939 the Association of American 
Railroads issued a similar specification, 
but more thoroughly specifying the 
strength requirements at various loca¬ 
tions in the car, including certain stiff¬ 
ness requirements. 

The demand for light-weight passenger 
cars has encouraged the development of 
the low-alloy high-tensile steels. These 
steels with a yield point of 50,000 psi. are 
being used extensively in the passenger 
cars being built today. Low-alloy steels 
can be welded by all of the welding 
processes; therefore, their acceptance has 
been quite general. 

Design 

Underframe .—The underframe of a rail¬ 
road passenger car (Fig. 13) consists of 
the center sill, side sills, cross bearers, 
floor beams, draft sills and body end sills. 
Considerable manual arc welding arid 
automatic submerged arc welding are 
used to join the various members of this 
subassembly. 

As Fig. 13 shows, the center sill is 
the longitudinal member in the center 
of the car. This member is designed to 
carry the buffing load of the car from 
one end to the other. It is required to 
carry a load of 800,000 lb. in compres 
sion. The center sill is made by weld¬ 
ing together two Z-sections. The op 
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flanges are joined together so that the 
unit forms a flanged U-section. The weld 
joins the Vs-in. thick flanges in a butt 
joint 60 ft. long. 

The parts are clamped together by hy¬ 
draulic cylinders which exert pressure 
horizontally and also downward. The fix- 


Cross bearer and floor beams are the 
transverse members that support the floor 
load and transmit it into the side sill. 
1'hese members are pressed channels and 
rolled Z-scctions and are manually arc- 
welded to the center sill and side sills. 

Located near each end of the under- 



Fig. 11.—Diesel Locomotive Crankcase on a Positioner 


ture has a longitudinal camber of 47a in. 
to compensate for the shrinkage of the 
60 ft. weld. When removed from the jig, 
the sills are perfectly straight. 

Side Sills (Did Holsters .—Side ‘'ills are 
the two longitudinal side members run¬ 
ning the full length of the underframe. 


frame are two large transverse members 
called bolsters. These are fabricated by 
welding two vertical webs, spaced apart, 
to top and bottom cover plates in order to 
form a box section. I lie welding is done 
uith an automatic submerged arc-welding 
head mounted on a portable gantry frame. 
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Car Body 

Side Subassemblies. —Sides for a pas¬ 
senger car are divided into two main sub- 
assemblies, the framing and the side sheet. 
Both these units are built in complete 
car-sized assemblies, before they are 
joined together. There is a very definite 
reason for this. The side has flat panels, 
and every operation must be performed in 
a manner that will not produce any 
buckles in the side sheets. The framing 
is arc-welded together. By keeping the 
two operations separate, the shrinkage 
from arc welding takes place without 
affecting the side sheets. The framing is 
straightened before the side sheets are 
spot welded to it, thereby producing a 
flat side with no distortion. 

The side sheet of a car side is divided 
into approximately sixteen sections by a 
horizontal seam, running the full length 
of the side midway between top and bot¬ 
tom, and seven vertical seams. Building 
of a side begins in the steel mill, where 
the individual sheets are inspected for 
flatness with close tolerances to insure a 
flat car side. 

The first manufacturing operation is to 
shear the sheets to size and cope out win¬ 
dow openings. Next corrugated stiffen¬ 
ers are spot welded to the side sheets to 
prevent them from buckling. The attach¬ 
ment of stiffeners to the side sheets is an 
important development in producing flat 
sides. The entire area of the side (ex¬ 
cept clearances for the attachment of 
framing members) is covered with corru¬ 
gated stiffeners, which prevent any dis¬ 
tortion or buckling of the side sheet. 

After the corrugated stiffeners have 
been welded to the side sheets, the next 
operation is to join these sections to¬ 
gether to form one large sheet that ex¬ 
tends the full height and length of the car 
side. Joining of the side sheet sections 
is an interesting application of sub¬ 
merged arc welding. The side sheets are 
of 14 gage (0.075 in.) thickness, and the 
joint is a square-groove welded butt joint. 
First the horizontal seam is welded, and 
then these units are joined together by 
vertical seams. The track for the weld¬ 
ing head carriage is mounted upon a sta¬ 
tionary fixture, and the sheets are moved 
underneath this fixture from seam to 
seam. The table top is covered with 
rollers so that the sheets move freely. 

Side Framing .—The side framing is 


made from arc-welded Z-sections. The 
horizontal members are full length, but 
the vertical members or posts are split 
into three pieces in order to keep the 
number of different lengths that will be 
required to a minimum. 

Figure 14 shows side framing members 
being welded together in a side frame jig. 
The members are held against locating 
stops by specially designed clamps. All 
clamping parts of this side frame jig are 
attached to the vertical members so that 
they can be moved when it is necessary to 
reset the jig for a different car plan with 
changed post spacing. 

Railroad car sides are built with a 
camber, which must be provided by the 
side frame jig. Hence it is necessary, as 
the vertical members of the jig are moved 
to different locations, to adjust them in 
height to fit the camber curve. This is 
accomplished automatically by supporting 
the top part of the vertical members on 
a roller. The roller runs along a track 
that is set for the proper camber, and the 
jig parts raise or lower with the track 
as required by the camber curve. When 
clamped at the desired location, they are 
automatically at the correct camber. 

After the side framing has been re¬ 
moved from the welding jig, it is taken to 
a straightening position, where all the 
flanges to which the side sheet will be 
spot welded are checked for perfect align¬ 
ment. 

Side Framing to Side Sheet .—Figure 
15 shows the side sheet in place against 
the copper backing of the side spot-weld- 
mg fixture. This x /a in. copper backing 
supports the entire car side and permits 
welding pressure to be applied to any 
point desired over an area 87a ft. high 
by 85 ft. long. In the illustration, the 
side framing is being lowered for as¬ 
sembly against the side sheet. 

Spot welding of the side framing to the 
side sheet is performed on a vertical jig 
for several reasons, the most important 
of which are: 


1. Distance is a minimum from the 

eyes of the operator to all parts of the 
work. 


onop oust and dirt are prevented 
[date SettHng ° n the c °PP er backing 


3 . 

4. 

5. 


shop. 


The cooling water runs off freely 
1 he side is in its natural position 
Less floor space is occupied in the 
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Fia- 15.—Side Sheet Against Copper Backing Ready for Side Framing 

to Ba Put in Place 





















RAILROADS 


1231 


Automatic Indexing .—The automatic 
side welding machine, Fig. 16, has two 
welding electrodes that make a series 
weld. These electrodes, along with the 
transformer unit and air cylinders, are in¬ 
dexed automatically in either a horizontal 
or vertical direction as desired. Indexing 
is accomplished by means of a specially 
designed motor which is started and 
stopped for each index. The length of 
time that the motor runs is governed by an 
electronic sequence panel, and spacing of 
the welds is controlled by adjusting a 
timing panel. A special type of relay 


cal direction paralleling the slope of the 
jig. The electrical connections are so ar¬ 
ranged that it is possible to make rows 
of either scries or single spot welds ver¬ 
tically and horizontally. After the initial 
spot (or two when in series) the controls 
can be set for automatic indexing. 

Roofs. —Roofs for the railroad passen¬ 
ger cars are seam-welded by the machine 
and jig shown in Fig. 18. This machine 
has roller electrodes mounted on a car¬ 
riage traversing the entire width of the 
roof. 1 he track for the transverse move¬ 
ment is shaped to conform with roof cur- 



Fig. 16.—Automatic Spot Welding Machine for Car Sides 


gives quick braking for the motor and 
accurate spacing. The operator has avail¬ 
able on his comprehensive control panel 
all the necessary dials and instruments to 
adjust welds and indexing. 

A different type of traveling spot 
welding machine is shown in Fig. 17; it is 
used fpr making freight car sides as well 
as sides for passenger cars. The car sides 
are mounted on a sloping backing jig and 
the machine moves along a rail parallel to 
it. The welding carriage, complete with 
transformers and guns, moves in a verti- 


vature so that welding pressure in all 
positions is normal to the roof. Two 
circular electrodes are used side by side, 
connected in series so as to weld scams 
simultaneously, one on each of the two 
sheets that butt together on the roof car 
line. The roof car line is supported by a 
copper backing bar, which in turn is sup¬ 
ported by a steel structure capable of 
withstanding the pressure of the two 
welding wheels. 

A complete roof is fitted up at onetime. 
The car lines or transverse supporting 
















1232 


APPLICATIONS 




Fig. 17.—Series Type Spot Welding Machine 

for Fabricating Car Sides 

members of the roof are fitted over the 
copper backing supports. The electrode 
wheels roll from one end of the car line to 
the other, welding the sheets to the car¬ 
line. I he sheets, as shown in Fig. 18, 
are laid transversely across the rOof and 
are strapped firmly into position to insure 


that the correct contour is maintained 
during the welding operation. After each 
seam is welded the machine is moved 
longitudinally to the next seam. 

Ends .—Ends for the passenger car, 
while simple in construction, require the 
use of several different welding processes. 
Spot welding is used to attach stiffeners 
to the end sheets. The anti-telescoping 
plate is mainly of spot-welded construc¬ 
tion. Diaphragm and posts, which are 
part of the end structure, are strength 
members specially designed for collision 
requirements Oxygen cutting is used to 
trim the ends to the desired shape. A re¬ 
inforcing doubler plate is submerged arc 
welded to the web of the I-beam post 
with the equipment suspended on the 
gantry frame described in the discussion 
on underframe parts. Shielded metal- 
arc welding is used to join the ends of 
stiffeners to sills, ceiling plates, etc. 

Stainless Steel Construction .—The 
strength requirements for passenger cars 
are detailed in the previous section cover¬ 
ing cars constructed of low-alloy high- 
tensile steel. 

Materials .—The material used in the 
construction of stainless steel railway 
cars is unstabilized 18—8, austenitic stain¬ 
less steel. This material cannot be hard¬ 
ened by heat treatment but gains its 
strength from cold working. 



Fig. 18. 


ig and Seam Welding Machine for Car Roofs 
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Center Sill Cross Section. 
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Side Frame Assembly. 




Floor Construction 


Fig. 19.—Details of Construction of Stainless Steel Passenger Car Body 


Information on the mechanical proper¬ 
ties. corrosion resistance, workability and 
weldability of the stainless steels will he 
found in Chapter 31 A. 

The most desirable method of joining 
stainless steel is by resistance welding 
with short current time duration which 
reduces carbide precipitation and anneal¬ 
ing to a minimum and produces welds of 
high ductility. The electrical resistance 
is six times that of low-carbon steel and 
the bright scale-free surface which never 
requires cleaning other than wiping off 
dirt and grease makes this an ideal mate¬ 
rial for resistance welding. 


Design and Assembly of Slain/ess 5 >ted 
Railway Car Structures. 

I he following sections describe briefly 
the principal components of the car 
structure shown in Fig. 19. 

Car Floor Assembly. —The floor as¬ 
sembly consists of an end underframe 
assembly of the arc-welded, low-carbon 
alloy steel which is riveted to a center sill 
made of stainless steel drawbench sec¬ 
tions resistance welded together. The 
transverse stainless steel floor beams and 
pans are resistance welded to the center 
sill and side sill members in a floor as¬ 
sembly jig. The side sills enclose the 
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floor beams and the end underframes. 
After the car floor is assembled it is in¬ 
verted and the underfloor equipment in¬ 
stalled before it is sent to the final car-as¬ 
sembly station. 

Car Side Assembly .—The side frame 
is a truss-type structure with shear panels 
at the ends and is constructed with V/< in. 
camber. The completely resistance welded 
sides in conjunction with the roof and 
floor, support the fully equipped car at 
the proper camber. The side frame is 
resistance welded to the floor side sills, the 
end frame and the roof. 

After the car is assembled, fluted panels 
are attached over the truss structure and 
dead light panels are installed between 
window frames to provide external trim. 

Car End Assembly .—The end frame 


Final Assembly and Trim .—The fin¬ 
ished car floor, sides, ends and roof are 
assembled by spot welding, forming an 
all-welded stainless steel car structure 
(Fig. 20). To this structure is added 
stainless-steel external trim and alumi¬ 
num, carbon steel and stainless steel in¬ 
ternal trim. Shielded metal-arc welding 
is used in limited applications on carbon 
steel and stainless steel for assembling 
parts other than primary structures. 
Inert-gas metal-arc welding is used ex¬ 
tensively on aluminum trim parts. Cabin 
and bedroom assemblies are made almost 
entirely of spot-welded aluminum sheet. 

Details of Construction and Erection 

Jigs and Fixtures .—Welding jigs are 
designed to hold two or more parts in posi- 



Fig. 20.—Completed Stainless Steel Car 


assembly consists of an end sheet, angles 
for connections to roof and side frames, 
and collision post assemblies which tie 
between the end underframe and roof 
purlins. This assembly is entirely resist¬ 
ance welded stainless steel. 

Car Roof Assembly. —Z-shaped roof 
car lines, hat-shaped roof purlins and side 
plate assemblies are assembled in a cam¬ 
bered jig. Corrugated assemblies 80 ft. 
long are laid over this frame. The en¬ 
tire structure is stainless steel, spot- 
welded. The completed roof structure is 
lifted out of the assembly jig and in¬ 
verted. Piping and wiring, air ducts, air 
conditioning equipment and ceiling sup¬ 
ports are installed before the roof is sent 
to the final car assembly station. 


tion with sufficient clearance for welding 
tools. Parts are always jigged from 
flanges, never from edges or bend radii. 
Therefore, for correct jigging it is neces¬ 
sary to have correct parts. 

To allow use of unskilled labor, jigs 
are built with ample mass. Portable jigs 
are limited to those weighing 15 lb. in¬ 
cluding parts and, therefore, most jigs 
are fixed. For maximum production, jigs 
should be used only for tack welding or 
while key spot welds are applied and the 
welding completed after removal from t e 
jig while the jig is being reloaded. 

Large jigs may include structures tor 
supporting welding guns and cranes. 
Small jigs, for low production, may use 
plywood with reinforced edges, cutouts 
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and angle iron clips. Masonite may be 
substituted for tank plate conforming to 
AAR Specifications Ml 16-45 on jigs with 
limited life. Portable jigs, used with 
pedestal welding machines, should be made 
of nonmagnetic materials. 

Where shrinkage or distortion due to 
welding is involved and cannot be elim¬ 
inated by procedure or sequence, counter 
jigging can sometimes be used to produce 
a finished part of the correct dimensions 


cial-purpose, automatic welding machines 
(big. 22) can be justified when the num¬ 
ber of welds is such that the speed oi 
welding can produce a labor and floor- 
space saving sufficient to justify the in¬ 
vestment. 

Resistance Weld Testing and Inspec¬ 
tion .—Before welding begins on a job the 
spot weld setup is tested on test coupons 
made under production conditions. On 
light metal, penetration is checked by the 




21 .—Welding 


Stainless 


Steel Car Side to Floor 
Spot Welding Machines 


Connection 


with Portable 


alter welding. The major problem in this 
method is to determine the welding which 
must be done in the jig to hold necessary 
dimensions and yet not produce distortion 
which would make removal of parts from 
the jig difficult. 

Portable resistance welding installa¬ 
tions, as shown in Fig. 21, arc desirable 
for reasons of flexibility of equipment and 
immobility of parts to be welded. Spe- 


pecl test and on heavier metal the etch 
test is used. On all metals, tension-shear 
tests are made to check the shear strength 
of the weld. I his shear strength must be 
above an established minimum value. 
1 lie test weld is recorded by an Ampere- 
Squared-Second Recorder and all welds 
made on the job can be compared to the 
test weld. After resistance welds are made 
they are examined for appearance and con- 
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fortuity, in quantity and location, to engi¬ 
neering drawings and the Weld-Recorder 
record is examined for indications of 
irregularity of power input to each weld. 

Repairs to Passenger Cars 

The advent of the all-welded type of 
car has naturally led to the adoption of 
either arc or spot welding for repairs. 
Maximum economy and minimum delay 


only a part depending upon the condi¬ 
tions. Carbon and low-alloy steel sheets 
may be cut with a torch or carbon arc; 
stainless steel cannot be readily cut with 
the oxy-acetylene torch but may be cut by 
the oxy-arc process. If any of these 
methods are used the possible fire hazard 
involved in flammable insulation is elimi¬ 
nated by first boring holes in the sheet 
and soaking the insulation with water. 





sj 



rj 


Fig. 22.—-Special Automatic Center Sill Welding Machine 

2/(JO welds of 20,0u0 lb. shear strength are made in less than 4 hours. 


in restoring cars to service results if 
repairs can he made without removing 
the part from the car. This may lead to 
a combination of welding and riveting on 
some of the older cars, but this is not ob¬ 
jectionable. 

Corrosion or mechanical damage to 
body and end sheets necessitates renewals 
in whole or in part. It may be more eco¬ 
nomical to renew the entire sheet than 


After the damaged section has been re¬ 
moved the insulation can be replaced 
with non-flammable material. Damaged 
stainless steel sheets may be removed by 
cutting the spot welds with a chisel. Such 
sheets can often be straightened by ham¬ 
mering or rolling after removing them 
from the structure. Torn sheets can 
frequently be straightened, arc-welded 
and ground cheaper than they can be re- 
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placed, especially on irregularly shaped 
sections. In arc welding stainless steel 
it is desirable to use a chill block or 
water quench on the reverse side when¬ 
ever possible to minimize warpage and re¬ 
duce carbide precipitation. The same 
procedure may be followed to advan¬ 
tage with carbon or alloy steels although 
it is not so essential. With thin sheets it 
is helpful to tack a backing strip to the 
new piece (or repaired piece) to facili¬ 
tate welding the joint. If the joint occurs 
at a post or horizontal frame member no 
backing is needed. Brazing or braze- 
welding should not be done on stainless 
steel because of the danger of carbide 
precipitation, but may be useful with 
carbon or low-alloy steels. 

When a spot-welded stainless steel 
member of a structure is damaged and 
must be removed, this can be done with a 
stripping chisel. Where pieces are of the 
same thickness, or the piece to be stripped 
is thicker than the sound structure, it 
becomes necessary to reduce the thickness 
of the material to be stripped in order 
that the separation will not pull slugs 
from the piece to be saved. After strip¬ 
ping, the surface of the structure must be 
ground smooth and the new parts re- 
weldcd with new spot welds located be¬ 
tween the old welds. 

Occasionally when portable machines 
cannot be used due to insufficient clear¬ 
ance or lack of access to one side of the 
work the replacement parts may be at¬ 
tached by plug welds or, if of light gage 
and not highly stressed material, the parts 
may be poke welded. 

Recently use has been made of inert-gas 
metal-arc welding to make plug welds, 
working from one side of the sheet. 
Further development may prove this to 
be useful for car repair work. 

Figure 23 shows how body and vesti¬ 
bule posts, window sills and letter boards 
are repaired by splice patching or com¬ 
plete renewal by welding in a manner 
similar to sheets. Soft soldered roof 
sheets may be replaced by welded sheets 
using the roof car lines as a backing. This 
makes an economical repair job that gives 
superior service. Older type roofs with 
clerestory present some special problems, 
but nevertheless repairs can be made 
readily and satisfactorily by welding. 

The underframes of damaged or 
wrecked cars are repaired according to 
the standard methods outlined by the 


AAR. In many cases parts of cast steel 
platforms and draft castings are repaired 
by welding forged sections to them, either 
as reinforcements or replacements. Worn 
buffers and diaphragm castings are re¬ 
stored by welding. 

Various truck parts such as worn 
pedestal legs are built up, bolster chaff¬ 
ing plates and wear plates on cylinder 
levers are attached by welding and 





pedestal and roller-bearing, outer housing 
liners are also similarly fastened. Frac¬ 
tures in truck frames are repaired or re¬ 
inforcements added by welding in accord¬ 
ance with a specified procedure or the 
wearing face may be surfaced with 
weld metal. 

Air-conditioning equipment, supply and 
battery boxes, and tanks fastened under 
the car may be replaced or repaired by 
welding. Corrosion, abrasion and impact 
from stones makes the service conditions 
to which these parts are exposed very 
severe. 
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Non-skid steel plates for steps and plat¬ 
form floors are welded to eliminate not 
only the expense of drilling, tapping and 
application of screws, but also the trouble 
involved in removing the screws after 
they have been corroded in service. 
Wooden or old-style bolted and riveted 
steps may be replaced to advantage with 
a welded design. 

FREIGHT CARS 

General 

The demand today by the railroads for 
lighter weight equipment is being met 
through the use of light gage, low-alloy, 
high-tensile steel. Such steel is some¬ 
what more costly per pound than ordi¬ 
nary mild steel but has definite advan¬ 
tages that account for its utilization. In 
many cases reduction in weight without 
loss of strength, in others increase of 
strength without change of weight and in. 
still others increased corrosion resistance 
is the basis of selecting low-alloy high- 
tensile steels. 

Conditions involved in car designs em¬ 
ploying these new materials favor fabri¬ 
cation by welding rather than by rivet¬ 
ing. Welding permits the designer to use 
reduced thicknesses of low-alloy sheets 
thereby reducing weight without sacri¬ 
ficing strength, after due attention is 
given to more exact stress analysis and 
design with a view to obtaining the full 
benefit of the superior properties of these 
steels. Except for the center sill, the 
framework is composed largely of shapes 
pressed or sheared from sheets and plates. 
AH types of cars, box, flat, hopper, 'gon¬ 
dola, and some special cars such as 
covered hoppers, are built in this manner. 

There are no codes applying to freight 
cars analogous to those for passenger 
cars. The principal limitation is the 
AAR clearance lines which insure un¬ 
restricted movement of cars over all rail 
lines. 

Car Bodies 

Car Sides .—In building freight cars, 
many forms of manual arc, automatic arc 
and spot welding are employed, but spot 
welding is limited mainly to box cars. 
The development of multiple-spot welding 
equipment, so arranged that a large num¬ 
ber of spot welds can be made simulta¬ 
neously, has reduced the time required to 


fabricate car sections such as sides and 
roofs. In one method of manufacturing 
car sides the main sections, consisting of 
15-gage sheets, are assembled and spot- 
tacked on a copper-faced jig. These sec¬ 
tions are then indexed through a spot 
welding machine and all welds from the 
top plate down to the upper side sill are 
made at one time. The sheets are joined 
together by series welds, all timed by a 
single timer. Individual electrodes are 
used to join the sheet to the top plate, 
this being a weld between 15-gage steel 
and a V 32 in. top plate, and similarly to 
weld the side sheet to the upper element, 
the joint in this case being between 
15-gage and 7™ in. material. The sec¬ 
tions are then moved to a post welding 
machine where the posts, Vs in. Z’s pressed 
from sheets, are welded. Pressure 
sequence welding is used. Two elec¬ 
trodes are used simultaneously, one on 
each side of the center-line of the side. 
Two welds are thus made at the same 
time beginning at the middle of the 
section and moving progressively toward 
the top and bottom of the side. Heat 
controls compensate automatically for the 
large change in impedance as the weld¬ 
ing approaches the outer edges. Ignitron 
tube contactors and electronic timing de¬ 
vices are used to insure uniformity of the 
welds and an automatic voltage compen¬ 
sator takes care of any fluctuations in 
line voltage. A section of a box-car side 
is shown in Fig. 24. 

In another method of making sides 
(also roofs) the welding is done with a 
different type of multiple-spot welding 
equipment. In this case, through the use 
of a multiple distributing switch in the 
secondary or heat-generating circuit, the 
entire group of electrodes is put under 
pressure simultaneously. These elec¬ 
trodes act as a self-contained clamp at 
each weld location and remain in posi¬ 
tion through the entire cycle of the weld¬ 
ing sequence. The facilities for applying 
the correct pressure on all electrodes 
simultaneously and having it applied 
(without time delay) until the various 
welds are sufficiently cool, produce a very 
clean, strong joint of uniform quality. 
Such a multiple spot welding machine is 
made up of the following principal ele¬ 
ments : 

1. A constant pressure hydraulic sys¬ 
tem for platen lift and electrode shift. 

2. An adjustable pressure hydraulic 
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Fig. 24—-Section of a Welded Bo* Car Side 


system to supply all electrode cyl¬ 
inders. 

3. Multiple-mounted transformer units 
to supply multiple-electrode groups. 

4. -Primary current supply to each 
transformer group through ignitron 
contactor and mechanical timing cams. 

5. High-speed secondary distributing 
switches. 

6. An indexing jig-car covered with 
a secondary copper top. 

7. A water-cooling system to trans¬ 
formers, secondary switches, distribu¬ 
tion cable and electrodes. 

These automatic, multiple welding ma¬ 
chines consist of an upper moving platen, 
upon which is mounted the multiple elec¬ 
trode setup adapted to roofs and a second 
set up for sides. Preliminary to spot 
welding, the side framing members are 
assembled in an accurate jig and firmly 
clamped into position. After the spot 
welding has been completed on the half 
sections of a car side they are joined to¬ 
gether at the doorway to make a com¬ 
plete side unit. If the door does not ex¬ 
tend to the top of the car it is necessary 
to weld in a section of top plate or join 
the two sections together if one long top 
plate has been provided to span the door 
opening. A Z or channel pressing is 
placed back of the joint to serve as a 
stiffener as well as a backing for the 
weld. The side-sill section for the door¬ 
way may be spliced with butt welds, or, 
as it is in later methods of construction, 
the entire side-sill channel may be included 
in the assembly of a side before the door 
and door framing are attached. Doors 
are commonly made of low-alloy, high- 
tensile steel spot-welded together. Some 
strengthening gussets are usually provided 
at the floor line of the door posts or extra 
strong posts of special form may be used 
at the doorway. Figure 25 shows the de¬ 
tails of a car side. 

Not all builders use spot welding for 
constructing car sides; some prefer to use 
arc welding instead. Special jigs 
have been made to permit the use of sub¬ 
merged arc welding for this work. The 
longitudinal welds at the top and bottom 
of the sides are made with one machine 
and the vertical joints with another. The 
side sheets are butt welded where they 
meet at a post, but at the intermediate 
posts the sheets are attached by adjusting 
the submerged arc welding so that the 
welds penetrate completely through the 








Fig. 25.—General Arrangement of Part9 of Welded Box Car Side 
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sheet and into the post. The light mate¬ 
rial used for sides makes high-speed weld¬ 
ing possible, speeds of ten feet per minute 
being exceeded. 

Roofs .—Freight car roofs may be fab¬ 
ricated on a multiple spot welding ma¬ 
chine as indicated, using low-alloy, high- 
strength steel but some manufacturers arc 
weld the roofs. Such roofs are pressings 
of 14-gage galvanized, copper-bearing steel 
extending the full width of the car. The 
sections are assembled so that the flanged 
edges produce an edge joint. Welding of 
the joints may be done with covered elec¬ 
trodes or by carbon-arc welding using a 
silicon-bronze welding rod. The longi¬ 
tudinal edges of the roof may be riveted 
or arc welded to an auxiliary angle. Any 
pinholes in the transverse welds are found 
by inspection from the interior after the 
roof has been placed on the cars and are 
then repaired. 

Ends. —Car ends are made by assem¬ 
bling two corrugated pressings in a hori¬ 
zontal jig and joining them by arc weld¬ 
ing. Corner caps, and lumber door if 
used, may be fitted and welded in the 


cars except it has no platform casting 
at the ends. Center sills consist of two Z 
bars weighing about 35 lb. per ft. Some 
are mild steel and others are low-alloy, 
high-strength steel. Common practice is 
to weld the two bars together by the sub¬ 
merged arc process in a jig provided with 
air-operated clamps and with sufficient 
camber to just offset the bending tend¬ 
ency produced by the continuous weld. A 
complete penetration weld is not required 
in this joint. 

Bolsters, cross bearers, cross ties and 
tie plates are attached to the center sill. 
The bolsters are box-like members fab¬ 
ricated from four plates by welding and 
may be individual units or have one com¬ 
mon cover plate. When the bolsters are 
made separately they are attached to the 
center sill in pairs, one on each side. 
Many bolsters have been attached to the 
center and side sills with rivets for con¬ 
venience in making repairs, but in recent 
practice the trend has been to attach them 
by welding. Cross bearers are strength 
members of the underframe and consist 
of a top and bottom cover plate welded to 



Fig. 26.—Section Through Corner of Welded Box Car 


same jig. The end post is welded after 
the end has been removed from the jig 
and turned so that the inside faces up. 
The end posts are welded at the tops of 
the corrugations (IV 2 in. welds) on the 
inside and along the entire length of the 
flanged edge on the outside as shown in 
Fig. 26. Studs are welded at the bottoms 
of the corrugations to hold the wood 
fillers to which the wood end sheathing is 
attached. Recently stud welding has 
come into general use for attaching these 
studs. (See Chapter 14.) 

Underframes 

The underframing of freight cars is 
very similar for most types of cars and 
differs but little from that of passenger 


a vertical web plate. They connect the 
center sill to the side sill on each side of 
the doorway. These parts are fabricated 
by welding and are of low-alloy, high- 
strength steel the same as the bolsters. 
Floor supports, numerous brackets and 
other attachments are welded to the cen¬ 
ter sill or adjacent parts. 

As a result of the scarcity of steel cast¬ 
ings during the war, some car builders 
designed center fillers and striking blocks 
of welded low-alloy, high-strength steel 
plates to replace the castings. The 
welded substitutes were even better 
adapted for attachment to the center by 
welding than were the castings and are 
now in common use. 

The manufacture of freight cars is fre- 
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quently carried out on a production line 
similar to those employed in automotive 
work. Parts are prefabricated as units 
or joined in subassemblies ready to be fed 
to the assembly line. Since large num¬ 
bers of units are made, this makes it 
possible to justify rather elaborate jigs 
to permit as much downhand welding as 
possible. Certain jigs have been men¬ 
tioned above but many others are used. 
Bolsters and cross bearers are made in 
jigs as are center fillers and strikers. 
Roof and side jigs are quite large and 
clumsy and are not arranged so that all 
welds can be positioned. Jigs for fab¬ 
ricating gondola car sides are in a similar 
class but fortunately most welding on 
these is done in the horizontal position. 


lows fundamentally that set forth in 
Chapter 42. 

Repairs to Freight Cars 

Freight cars requiring replacement of 
parts, due to mechanical damage or cor¬ 
rosion, are repaired by methods very 
similar to those used for passenger cars. 
The AAR Rules of Interchange provide 
detailed instructions, as well as restric¬ 
tions, for repairs by welding. Freight 
car parts may be cut off and restored to 
the original shape in the blacksmith shop, 
if not damaged too severely. After 
straightening and repairing, they are 
welded back on the car. Riveted parts 
may be welded through the rivet holes 
in certain cases. Considerable care and 



Fig. 27.—Welded Box Car 


Some car builders use a jig for the en¬ 
tire underframe and arrange it so that 
the frame can be tilted 45 deg. either 
way, thus eliminating most of the weld¬ 
ing in the vertical position. All of the 
jigs mentioned above are built special for 
the job by the car builder or railroad. 
Thousands of box cars like the one shown 
in Fig. 27 have been constructed. 

Inspection of New Cars 

New cars may be inspected by repre¬ 
sentatives of the railroad purchasing the 
equipment or by commercial inspection 
companies. With the exception of welded 
tank cars, on which X-ray inspection of 
the shell joints is required, and the 
squeeze test on passenger cars, the in¬ 
spection procedure for arc welding fol- 


judgment must be exercised in combining 
riveting with welding. The inherent stiff¬ 
ness of welded joints made on a riveted 
car body may lead to failure of the welds, 
or of the welded parts, by overloading. 

Malleable iron castings on freight cars 
must be brazed, not arc welded. Impor¬ 
tant steel castings such as side frames, 
yokes and couplers may be welded, sub¬ 
ject to certain AAR restrictions, and are 
normalized after welding. 

TANK CARS 

Fabrication 

The fabrication of tank cars. such 
shown in Fig. 28, by arc welding had 
a long uphill struggle, but a number ot 
years ago special authorization was oD- 
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tained from the ICC for welded tank cars 
for experimental service. Since then the 
AAR Committee on Tank Car Construc¬ 
tion has recommended to the ICC some 
permanent specifications covering the 
construction of arc-welded tanks and a 
large number have been built. Many of 
the early cars were for petroleum service 
and were of 8000 or 10,000 gal. capacity. 

With the extensive development of pipe 
lines for petroleum products the construc¬ 
tion of tank cars for handling those com¬ 
modities has decreased, but has been more 
than offset by the demand for welded 
tank cars by the chemical industries. The 
smooth interior of the welded tank lends 
itself well to the lining process that is 
frequently required for the transporta¬ 
tion of chemicals. The necessity for us¬ 
ing rivets for safety appliances to meet 
the ICC requirements presents something 
of a problem, especially for lined tanks, 
but also for the unlined ones because of 


used in boilers. The joint between dome 
and shell, however, differs, the dome be¬ 
ing simply welded to the shell without 
any reinforcement. 

Submerged arc welding is used very 
extensively on steel tanks and on the 
underframe for all types of tanks. Inert- 
gas metal-arc welding is used in the con¬ 
struction of aluminum tanks. The cir¬ 
cumferential seams for the heads as well 
as the longitudinal seams are welded both 
inside and out. (Details of submerged arc 
welding and inert-gas metal-arc welding 
will be found in the Chapters, 12 and 13.) 

Tank cars may range in size from 
about 32 to 48 ft. overall length and up 
to nearly 90 in. in outside diameter. The 
ordinary steel tanks are made from three 
plates. The bottom third of the tank 
shell is made from a 7 /«« to Vs in. plate, 
the top two-thirds being made from two 
plates 7io to Vs in. thick. The ends are 
made from V- in. plate. Special tanks, 



Fig. 28.—Single Compartment Insulated Tank Car 


the danger of leaks developing around 
the rivets. 

The application of welding to tank cars 
has not enabled the car designer to re¬ 
duce the weight materially but there is 
some reduction due to the elimination of 
laps and the weight of the rivet heads. 
Some further weight reduction has been 
gained by applying welding to the under- 
frame structure. 

The construction of the tank body fol¬ 
lows quite closely the methods used in 
fabricating locomotive boilers, particu¬ 
larly in the case of the heavier shells 
(IVe in.) used for liquefied petroleum 
gases maintained under pressure in 
transit. Joint details, at least for ma¬ 
chine welding, are very similar to those 


as mentioned above, may have much heav¬ 
ier shells. Tanks range fn capacity from 
about 6000 to 16,000 gal., the latter size 
having been constructed in recent years 
for some railroads for handling Diesel 
fuel oil. 

Inspection and Testing 

ICC, Specifications for Tank Cars 
Having Fusion-lV elded Steel Tanks, 
Class 103-W, requires that all longi¬ 
tudinal and circumferential joints be 
X-rayed. This code also requires that 
the tank be stress-relieved as a unit after 
all the attachments to be joined to the 
structure by welding have been welded 
in place. These requirements are very 
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similar to those for a pressure vessel built 
to the ASME Unfired Pressure Vessel 
Code, Paragraph U-68. These inspection 
requirements naturally place a heavy cost 
burden on the welded tank, but certainly 
provide adequate insurance that it is safe 
for the heavy-duty service to which it 
will be subjected. 

RAILWAY TRACK WELDING 

Arc and gas welding have been used for 
many years in the Maintenance of Way 
Departments of railroads for the repair 
and reclamation of many materials previ¬ 
ously removed from track and replaced 
with new parts. Many items repaired by 
arc and gas welding have a longer service 
life than do the new parts. This part of 
the chapter outlines in a general way some 
of the major applications of welding in 
maintenance of way work, and especially 
rebuilding rail ends. The nature of the 
welding, the varying conditions under 
which it is performed, and the types of 
materials involved are such that standard 
codes are not applicable. 

Materials 

The chemical composition usually con¬ 
forms to one of the following: 


Open-Hearth, High-Carbon Steel Rail 


Composition, % 


Nominal 

Weight, 

Lb./Yd. 

C 

Mn 

. P 

(Max.) 

Si 

70-90 

0.64-0.77 

0.60-0.90 

0.04 

0.10-0.23 

91-120 
121 and 

0.67-0.80 

0.70-1.00 

0.04 

0.10-0.23 

over 

0.69-0.82 

0.70-1.00 

0.04 

0.10-0.23 


Manganese Steel 


Element Composition, 9 f c 


Carbon 1.00* 1.30 b 

Manganese 12.00 14.00 

Silicon .... 2.00 

Phosphorus .... 0.10 

Sulfur .... 0.05 


a Min. b Max. 

Repairs to Rail Ends 

One of the most widely applied welding 
operations is building up battered rail 
ends, this being common to practically all 
railroads in the United States. The life 
of rail in track can be greatly lengthened 
and riding conditions materially im¬ 
proved, thereby reducing maintenance 


costs and damage to the rolling stock by 
providing a smooth transfer across the 
joint between rail ends. 

Gas Welding .—The following gas weld¬ 
ing procedure, used by one of the Class 
I Railroads for rail ends, is presented as 
an example of one that has given satis¬ 
factory results over a period of many 
years. Arc-welding methods are also 
used and will be discussed later. 

Before proceeding with the welding of 
battered rail ends it is important to cor¬ 
rect any unsatisfactory conditions in the 
joint support. Bolts should be tightened 
and worn angle bars should be replaced 

if: 

1. An 0.006 in. thickness gage can be 
inserted between the rail and bar fit. 

2. The bar is drawn in against the 
web of rail. 

3. The bar surface is badly bent. 

4. The bar is cracked. 

The most satisfactory and economical 
results will be obtained by welding out- 
of-face* when 50% of the joints in any 
stretch are battered or mismatched 0.30 
in. or more, and by welding locally where 
a small percent of the rail is badly 
chipped, battered or mismatched, the 
latter condition being brought about by 
replacing failed or broken rail with new 
rail of the same weight so that its end 
does not match the end of the worn rail 
against which it is butted. The eco¬ 
nomic factors considered in determining 
what rail ends should be repaired by 
welding are: the general condition of the 
rail; the kind, amount and speed of 
traffic over the rail; probable life in the 
location in question and the possibility of 
use in secondary lines. The minimum 
and maximum limits of batter on rail 
ends to be welded are dependent upon the 
factors mentioned above, but, in general, 
the following limits will produce the de¬ 
sired results: no minimum depth is rec¬ 
ommended for high-speed main tracks 
not previously welded or end-hardened, 
a limit of 0.030 in. or more is recom¬ 
mended for secondary lines and slow-speed 
freight lines, with no limit on depth o 
weld, and no welding to be done beyond 

the last hole in the angle bar. 

The procedure followed in marking 

joints for welding is shown in Figs. » 

30 and 31. It is desirable to use a 24 in. 

* A railroad terra meaning to weld each joint 
as you come to it. 
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Fig. 30.—Method of Marking Low Rail 


straight edge together with a taper gage 
to determine the depth and the length of 
the weld that will be necessary. A chalk 
mark is placed on each rail end to indi¬ 
cate the length of weld that should be 
applied. In marking joints to be finished 
with a flatter, the straight edge is ma¬ 
nipulated so as to eliminate measuring the 
bend in the angle bar or a low joint (Fig. 
31), but if the joints are to be finished by 
grinding, longer welds are necessary to 
prevent the abrasive wheels from digging 
in at the end of the weld and the mark 
should be placed where the thin end of 
the taper gage, approximately 0.006-in. 
thick, can be inserted between the straight 


flatter or to make a cut with a hot-cut 
chisel. A slight excess of acetylene 
should be used for application of the weld 
metal to insure against an oxidizing flame 
and for fusing weld and base metal at 
the thin end of the weld or smoothing out 
the weld metal after application. 

The weld metal is applied to the rail 
ends in small patches to make parallel 
deposits lengthwise of the rail. The de¬ 
posit is shaped while hot with a hammer 
to produce the proper contour and is 
finished with the flatter if the joint is not 
to be ground subsequently. Open joints 
require somewhat different procedure 
from tight joints and insulated joints re- 



Fig. 31.—Low or Bent Joint 


edge and ball of rail. Whether to finish 
with a flatter or grinding depends upon 
the condition of the rail, location and 
other factors. 

The size of the welding tip necessary 
may vary from one which consumes ap¬ 
proximately 60 cu. ft. of oxygen per hour 
for lightweight rail to one which con¬ 
sumes approximately 80 cu. ft. per hour 
for heavier weights of rail. A neutral 
flame should be used for heating the rail 
in preparation for application of the weld 
metal, for melting out loose or laminated 
metal and for reheating to smooth with a 


quire a still different procedure. A 
welded bent joint is shown in Fig. 32. 

Composition of Rod .—The chemical 
composition of the welding rod should be 
such that it will produce a tough deposit 
of weld metal that is resistant to batter 
from wheel loads, but which will not 
crack by mechanical hardening to which 
it is subjected in service. The analysis of 
a suitable rod is: carbon 0.45%, manga¬ 
nese 1.09%, silicon 0.52%, chromium 
1.10%. A maximum Brinell hardness of 
375 for the deposited metal without heat 
treatment is most desirable. Deposits 



Fig. 32.—Finished Welded Joint 
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having a higher hardness number may 
cause chipping or cracking of the deposit 
or result in secondary batter (batter be¬ 
yond the weld area) which is much more 
difficult and costly to repair. 

Welding rod, V« in. diam. by 36 in. 
long, is suitable for the average rail end 
welding work, but for light deposits a rod 
of 3 /ia in. diam. by 36 in. long may be 
used. 

Arc Welding .—Rail ends are also re¬ 
built by arc welding, but the proced¬ 
ure differs in that preheating is neces¬ 
sary and postheating (tempering) may 
also be employed. 

The preheating temperature ranges 
from 500 to 700° F. depending upon the 
technique used. This is ordinarily done 
with propane using either air or oxygen 
for combustion. Welding is done with 
either an a.c. or d.c. arc using plain high- 
carbon electrodes, or in some cases 
high-carbon alloy electrodes. The weld 
as deposited may have a hardness from 
about 325 to over 600 Brinell. In 
the case of the harder deposits postheat¬ 
ing is used to reduce the hardness to 
about 350 to 400 Brinell with the hardest 
zone being near the rail end. It is desired 
to have a hardness gradient from the top 
of the rail decreasing to the normal rail 
hardness of around 240 about V< in. be¬ 
low the surface. Posthcating tempera¬ 
tures of 1000 to 1100° F. are customary 
and in subfreezing weather retarded 
cooling for two or three minutes is ob¬ 
tained by placing an insulated cover over 
the joint. Surface and cross grinding 
operations are identical to those used 
with gas welding. 

Welding Open-Hearth Frogs 

The economic factors to be considered 
when determining whether or not to weld 
a frog are: the general condition of the 
frog; the kind, ambunt and speed of 
traffic over it; the accessibility to a weld¬ 
ing unit; and the probable life of the frog 
at the location in question. The most 
economical and satisfactory results are 
obtained by: welding frogs before the 
batter exceeds s / 8 in.; with slight batter, 
if they have not already been hardened, 
when frogs are being welded at locations 
not easily reached by the welding unit; 
before the frog has become so badly bat¬ 
tered that filler blocks will not hold wing 
rails and point rails in proper relative 
positions; and before frog point bolt 


holes have become elongated and frogs 
are badly bent. • 

Batter measurements are taken be¬ 
tween the thin end of the frog point and 
the section where the point and the wing 
rail sections are approximately the same 
width as shown by the wear. This is 
done by placing a straight edge (Fig. 33) 
across the frog, one wing rail to the 
other, and measuring the distance be¬ 
tween the bottom of the straight edge and 
inside top edge of the wing rail. Con¬ 
sideration must then be given to the con¬ 
ditions mentioned above to determine if 
the frog should be welded. In general, it 
can be stated that a frog is not in a satis¬ 
factory condition for welding if: the bolts 
are loose; the frog is badly surface bent; 
it is not properly supported by ties; the 
guard rail is out of adjustment, allowing 
side wear on the point; the angle bars on 
the joints at the ends of the frog are 
loose. 

In welding frogs and crossings a care¬ 
fully established welding procedure is fol¬ 
lowed, similar to that for building up rail 
ends. The welding tip used should be one 
that consumes from 60 to 70 cu. ft. of 
oxygen per hour on wing rails and 50 to 
00 cu. ft. of oxygen per hour on the thin 
end of the frog point. The torch adjust¬ 
ments for the welding flame should be the 
same as outlined for rail end welding. 

In the application of the weld metal a 
small flame is used and the metal added 
in patches 3 to 4 in. long, keeping the rod 
in the center of the pool. Work is started 
on the heel end of the frog at the point of 
wheel transfer to the wing rail. The first 
bead of each patch is applied along the 
inside edge of the wing rail and the bead 
carried toward the toe end of the frog. 
The welder then works back to the 
starting point allowing the weld metal to 
overhang on the inside edge. The pro¬ 
cedure is repeated until sufficient metal 
has been deposited. The weld is then 
hammered smooth from the edge of the 
weld metal to the inside edge. The final 
operation is to trim with a hot-cut chisel 
and smooth with a flatter. The opposite 
wing rail is built up in the same manner. 

On frog points welding is started at the 
heel end, working toward the thin end. 
When a frog point is more than 7i® in. 
lower than the wing rails, it is built up 
so that it will be not more than 7 m m. 
below the surface of the wing rails. Then 
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a suitable runoff is made in the direction 
toward the heel of the frog, keeping the 
frog point level to the thin end. The thin 
end of frog points should be welded be¬ 
fore the frog is allowed to cool. 

It is economical to weld frogs in posi¬ 
tion unless the traffic is so heavy that not 
even one frog can be completed per day. 
This practice involves the least invest¬ 
ment for frog replacement and it is not 
necessary to weld the rail at the frog 


The welding of frogs at a centralized 
shop has advantages because of the better 
facilities for handling, straightening the 
parts and replacing bolts. In addition 
there is less delay in the welding opera¬ 
tions and there may be a reduction in 
welding costs effected by the use of gen¬ 
erated acetylene. The disadvantages of 
taking frogs out of track and bringing 
them to the shop are the cost of remov¬ 
ing and replacing them and the increased 




Section of Worn Frog Before and After Welding. 
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Fig. 33.—Welding Worn Frog 


ends each time the frog is welded. When 
welded in position in the track the frog 
can be welded to suit the location. There 
are disadvantages, of course, in that the 
welding costs may be increased because 
of delay on account of traffic, weather 
conditions and damage due to heavy loads 
passing over red hot frogs. Figure 33 
shows a worn frog with a bent point be¬ 
fore and after welding. 


investment involved in carrying a number 
of replacement frogs. An attendant dis¬ 
advantage lies in the necessity of making 
every frog so that it will be suitable for 
any location which involves the extra cost 
of changing the rail at frog ends to match 
the rail on the frog. Warping can be 
corrected by applying heat along base of 
frog rails to counteract heat applied to 
top surfaces, but clamping one frog to 
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another with blocks between is the most 
satisfactory when work is done out of 
track. 

Crossings 

In the repair of crossings the pro¬ 
cedure outlined for welding of frogs 
should be followed but there are addi¬ 
tional precautions to observe. The rail 
should be inspected for incipient cracks at 
the junction of web and ball and defective 
sections replaced in high-speed track. In 
slow-speed track the cracks may be 
welded if regular inspection can be made. 
Riser rails should be built up to match 
running rails and the top surface of such 
rails kept separated by beveling with hot- 
cut chisel. On a crossing where traffic 
causes uneven wear, the rail with the 
heavier traffic should be built up to make 
a smooth wheel transfer. The lighter 
traffic rail is built up or reduced to match 
the heavier one. 

Switch Points 

Switch points may be welded in or out 
of track according to what is expedient 
for the conditions. 

The welding rods used for oxy-acetylene 
welding of rail ends are also satisfactory 
for frogs, switch points and crossings. 

Rebuilding Manganese Frogs and 

Crossings 

High manganese frogs and crossings 
must be repaired by arc welding. 

The general procedure for inspection, 
marking, measuring batter and preparing 
for welding is very much the same as that 
outlined above for open-hearth steel 
frogs. It should be pointed out, however, 
that frogs and crossing sections should 
not be welded if they are badly cracked 
longitudinally in filler sections, or across 
wing or point sections when such cracks 
extend into fillers and cannot be removed 
so that the weld may be started at the 
bottom of the crack. In preparation for 
the application of weld metal the follow¬ 
ing precautions should be observed: all 
surfaces upon which metal is to be ap¬ 
plied should be clean ; loose or laminated 
metal and all cracks in wing and point 
sections must be removed. If the oxy- 
acetylene torch is used to remove de¬ 
fective metal enough clearance must be 
allowed to permit reaching all oxygen-cut 
surfaces with a grinder. Defective 
material may also be removed entirely by 


grinding but the oxygen-cutting torch is 
more economical and satisfactory if fol¬ 
lowed by grinding. Weld beads are run 
longitudinally with the wing and point 
sections to restore proper height and al¬ 
low enough metal for finish grinding. 
Each bead is peened after application of 
each one-half electrode and the section 
kept as cool as possible by intermittent 
welding. 

Proper grinding of a frog or crossing 
section is as important as the preparation 
for, and the application of, the weld metal. 
This involves removal of overflow metal, 
restoring proper height and contour. 

Satisfactory repairs can be made to 
cracked sections by the application of 
nickel manganese applicator bars. Pro¬ 
gressive cracks in the base sections can 
be stopped by placing these bars across 
the crack and welding them to the cast¬ 
ing. Where necessary to cut or grind 
through the manganese section, welding 
these applicator bars at the bottom of the 
opening or across a crack will in most 
instances prevent a crack from progress¬ 
ing upward through the deposited weld 
metal. 

The remarks made about open-hearth 
frogs, with reference to field or shop weld¬ 
ing, apply to manganese frogs as well. 

The chemical composition of the weld¬ 
ing rod should be such that the deposited 
weld metal will have properties equal to 
the base metal. The copper molyb¬ 
denum type of manganese steel, nickel 
manganese steel and ordinary Hadfield 
manganese steel are all used. Bare elec¬ 
trodes are more economical, produce 
satisfactory results for average work and 
are especially good when filling cavities 
where it is difficult to free the weld metal 
from the heavy slag. Covered electrodes 
are most satisfactory for work where the 
weldability of the base metal is not 
good; for welding cracks and for the ap¬ 
plication of a thin deposit of weld meta 
such as the top layer of the surface to be 
finished by grinding. See Chapter 31B. 

WELDED RAILS 

The standard rail length for American 
railroads is 39 ft. with weight per yard 
ranging up to 155 lbs. The conventional 
method for joining these rails is an ang e 
bar assembly with either four or six bolts 

per joint. While improvements have 

been made in joint design, it is s i 



RAILROADS 


1249 


weakest point in the track structure. 
Recognizing this, many railroads have em¬ 
ployed one or more of several welding 
processes to weld rails together, thus 
producing solid rails that are longer than 

39 feet. 

Aside from the structural weakness of 
the conventional rail joint, there are eco¬ 
nomic factors. The steadily rising costs 
of labor and materials have focused at¬ 
tention on the reduction in the number 
of joints as means of reducing such costs. 
Railroad studies for years have centered 
on increasing lengths of rail with cost re¬ 
duction as the goal. In the past forty 
years, the standard rail length has in¬ 
creased from 30 to 33 ft. and finally to 39 
feet. Official studies by railroad engi¬ 
neering committees have been made on 


welds which stand up under the severe 
condition of a 65,000-lb. wheel load. The 
welds supported as a cantilever, Fig. 34 
(top), were subjected to six million 
passes of the above load. They were then 
mounted as a simple beam, Fig. 34 (bot¬ 
tom), and six million additional 65,000-lb. 
wheel loadings applied without any sign 
of failure, equivalent to many years of 
heavy wheel loads in actual service. 

Rails as light as 100 lb. and as heavy 
as 131 lb. have been welded. Ballast for 
continuous rail ranges from locomotive 
cinders to limestone and trap rock. 
Welded rail is also laid on open trestle 
bridges in lengths over 1000 feet. Traffic 
carried over welded rail ranges from 
freight only to predominantly passenger 
traffic. Welded rail is on main line open 



Fig. 34.—Welded Rail Test Joints 


the economics of 45-, 60- and 78-ft. rail 
lengths. In addition to these studies, an¬ 
other official committee was set up to 
evaluate installations of rail that have 
been welded into extremely long rail 
lengths. This rail in effect is continuous. 

Exhaustive tests of butt welds were 
made by different procedures, the welds 
being subjected, day and night, to severe 
rolling load fatigue tests, following a 
procedure similar to that used in the ex¬ 
tensive rail investigations by the Uni¬ 
versity of Illinois, and simulating the 
nearest approach to actual service condi¬ 
tions in track. To further assure a high- 
quality weld, extensive experiments were 
made with various methods of stress re¬ 
lief. This procedure has developed butt 


track where passenger trains run 80 miles 
an hour—freight trains above 60 miles an 
hour. Welded rail is installed where traf¬ 
fic goes in one direction and where it goes 
in both directions. In brief, welded con¬ 
tinuous rail produced by one process or 
another is located where it is subjected to 
just about every service condition. In 
some instances, welded rail was located 
to provide a test of its performance under 
selected conditions. In general, however, 
the site was chosen for the purpose of 
improving maintenance or of eliminating 
a situation that was breeding trouble for 
maintenance forces. 

In such cases it has been found more 
economical to carry out the welding at 
convenient points and move the rail by a 
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method appropriate for the lengths 
desired or the layout of the tracks. Con¬ 
tinuous rail is very flexible and can be 
readily handled. In some installations, 
the welds have been made alongside of 
the track. This has the advantage of al¬ 
lowing the welded rail to be installed in 
place in long enough lengths to eliminate 
subsequent closure joints. At the same 
time there are obvious difficulties in that 
the work may be done on narrow 
shoulders, in open cuts, in tunnels or on 
bridges. 

Semi-Automatic Pressure-Gas 

Welding 

Semi-automatic pressure-gas welding 
was first introduced in 1938. The equip¬ 
ment used for this process is described in 
Chapter 7. In preparing rail ends for 
welding, approximately Vio in. is removed 
to eliminate rust and any irregularities as 
received from the mills. If the rails are 
delivered from the mills with ends ground 
square, it is only necessary to use a light 
polishing disc to remove any light rust. 
It is more usual though to receive the 
rails without special mill work and ends 
are prepared by abutting two rails to¬ 
gether and running a power-driven saw 
blade Vie-in. thick through at the point of 
juncture. Surfaces to be welded are 
wiped off with a solvent such as carbon 
tetrachloride at the time they are placed 
in the welding machine. 

The rails are forced together in the 
welding machine and the oxy-acetylene 
flame heats a. few inches of each rail end 
to about 2250 °F. The combination of 
the hydraulic pressure and the applica¬ 
tion of heat produces the pressure-weld 
and forms a bulge at the weld called the 
upset. In the case of 90-lb. rails, the rails 
move toward each other about 3 /< inch. 
Above 90 lb. this movement is 7 /s inch. 

When the required upset is reached, the 
flames are immediately shut off and the 
pressure held for approximately one min¬ 
ute. The rail clamps are then released, 
and the welded rail is moved out of the 
machine. 

Trimming .—After welding, the rail is 
pulled by winch over rollers to the trim¬ 
ming station where the bulge or upset is 
removed by a manually-operated cutting 
torch. Cutting machines are also being 
used to hold and guide three cutting 
torches that speed up the operation and 
give a closer cut. A close, accurate cut 


speeds up the subsequent grinding opera¬ 
tions. 

Normalising. —This is done in a special 
machine having a heating head arrange¬ 
ment similar to the welding machine. 
There are no clamps in this machine and 
the heads oscillate further to encompass 
the weld and heat-affected zones. The 
trimmed and still hot weld area enters the 
normalizing machine where the tempera¬ 
ture is raised to 1550°F. which is above 
the upper critical. The normalizing 
temperature is fixed by the use of tem¬ 
perature pellets at the beginning of each 
day’s run and subsequent welds are timed 
from this established cycle. 

Grinding. —Grinding produces a smooth 
running surface at the weld area. Vari¬ 
ous types of gasoline or electrically- 
driven grinders are used to smooth up 
the top and sides of the ball, the sides of 
the base and to remove the weld seam 
from the web, and bottom of base and ball. 

Figure 35 shows a finished rail weld. 

Oxy-acetylene Butt Welding of Rails 

(Hand Method) 

While the more mechanized methods 
were being tried, manual oxy-acety- 
lene welding was being used to weld rail 
for use at street crossings, station plat¬ 
forms, tunnels and turntables. In order 
to obtain satisfactory results in the gas 
welding of rail ends the following prepa¬ 
rations are essential: 

(a) If in track, at least Vi in. expan¬ 
sion must be provided between rail ends 
for cutting operations, or the rail cut be¬ 
fore lining and applying angle bars. 

(b) Base, web and ball of both rails 
are cut to form a small V, consistent with 
the depth or width of sections to be 
welded. 

(c) All slag and scale are removed 
with hand hammer and chisel. 

(d) Angle bars are applied leaving 
3 /io in. between rail ends and the top sec¬ 
tion of the bar on the side of the V in the 
web is cut away between center bolt holes. 

(c) The bolts are tightened and the 
rails gaged to make proper alignment. 

The welding procedure followed in oxy- 
acetylene welding is as follows: 

(a) The ball of both rail ends is 
heated, using two torches when available. 

(b) Application of weld metal is 
started at the junction of web and ball, 
making such application from the under- 
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side of ball and extending down on the 
web of the rail about */< inch. 

(c) Then welding in center of ball at 
bottom of V is started, working first 
toward one side and then the other, with 
two torches being used after the weld 
metal is high enough on V to permit. 

(d) The weld metal is kept extended 
well over the edge of rail. 

( e ) A high-tensile rod is used about 
one-half way up the V on ball of rail and 
a rail-end welding rod on the ball from 
approximate center to the top of the ball 
of rail. 

(/) The weld is finally smoothed with 


by trimming off overhanging weld metal 
on sides of the ball and smoothing with 
hand hammer and flatter. 

Two welders should be used, where 
possible, each using a torch tip which 
consumes from 50 to 60 cu. ft. of oxygen 
and acetylene per hour. When only one 
welder is available the above size tip 
is satisfactory for the base, web and part 
of the ball of the rail, but a tip which 
consumes approximately 70 cu. ft. per 
hr. is needed to complete the weld on 
the top of the ball. A cutting tip with a 
0.055-in. diam. orifice should be used for 
veeing rail ends. 



Fig. 35.—Finished Pressure-Gas Welded Rail Joint 


a hand hammer and the angle bars re¬ 
moved. 

(g) The web is welded from one side 
(both sides if two welders are available) 
starting at the bottom of the base. 

(/i) The base is welded with one weld¬ 
er working on each side of rail and 
when this is finished the angle bars are 
applied and the bolts tightened as quickly 
as possible. 

(*) The top surface of rail is finished 


When the rail ends are to be butt 

welded out of track the same general 

preparations and procedures are followed 

as for welding the rails in track. When 

the base weld is completed from the top 

and angle bars have been applied and 

tightened, the rail should then be turned 

on its side and melted out at the line of 

the weld. I hen the necessary metal can 

be applied to bring the surface back to 
level. 
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Flash Welding o£ Rails 

Preparation and Clamping of Rails .— 
In preparing rails for flash welding, the 
ends are cleaned and the scale is removed 
at the point where the current clamps en¬ 
gage the rail. Care should be exercised 
in clamping the rail ends in the machine 
to insure accurate alignment, as misalign¬ 
ment in the machine will tend to introduce 
undesirable irregularities in an otherwise 
smooth track. 

Capacity of Machine. —A machine, suit¬ 
able for flash welding the rails used most 
generally today should have a trans¬ 
former capacity of 750 kva. with a sec¬ 
ondary voltage up to 14 volts. The up¬ 
set pressure should be a maximum of 75 
tons. 

Welding. —The welding process con¬ 
sists of three phases: 

1. Preheating, covering the initial 
period during which the rail ends are 
heated by a series of successive flashes 
accomplished by repeatedly bringing the 
ends of the rails together and then 
separating them slightly. This pre¬ 
heating covers a period of approxi¬ 
mately l 1 /* min. for 131-lb. rail. In 
preheating, the rail ends are brought 
to a temperature which will support 
continuous arcing or flashing. 

2. Flashing is a continuous arcing or 
burning of the metal, as the rail ends 
are steadily moved nearer together. In 
effect, the movement equals the rate of 
burning of the metal. This flashing 
period is approximately Vs min. for 
131-lb. rail. 

3. Upsetting covers the short interval 
(approximately 5 sec.) during which 
the flashing is terminated by butting 
the rail ends together with a pressure of 
approximately 10,000 psi. The welding 
current is switched off immediately fol¬ 
lowing the completion of the upset. 
Total loss in rail length due to metal 
removed by flash and upset is approxi¬ 
mately \ X U in. per weld. 

Stress Relief. —During the process of 
flash welding, stresses are set up in the 
immediate vicinity of the weld. Stress 
relief to correct this condition is ac¬ 
complished by heating the weld and the 
adjacent rail metal in an oil furnace up 
to a Jemperature of 1200° F. followed by 
slow cooling controlled by an insulated 
hood. 

Flash Removal. —The flash or excess 
metal should be sheared off and ground 


down below the small notch in the weld 
to eliminate any notch effect and the top 
surface and sides of the head should be 
finish ground to the exact contour of the 
adjacent rail. 

Thermit Welding of Rails 

Details of thermit welding as applied 
to railroad rails will be found in 
Chapter 19. 

Problem of Expansion. —Taking into 
consideration the theoretical factor of 
linear expansion of metal, the problem of 
expansion of long lengths of rail in track 
is not as complex as might be expected. 
Theoretically, total movement in expan¬ 
sion and contraction of a mile of rail un¬ 
restrained under a 100 °F. temperature 
change should not be less than 40 in. and 
might exceed 60 in., but forces are applied 
to restrain this expansion. Considerable 
restraint arises from friction between the 
rail and tie plate and this is augmented 
by conventional rail anchors. Additional 
restraint is obtained by the joint fasten¬ 
ings at the ends of long rail. 

When continuous rail is laid midway 
between temperature extremes, say be¬ 
tween 50 and 60 °F., the range of tem¬ 
perature variations capable of creating 
stresses is about cut in half, and the 
maximum internal stress accordingly is 

reduced from 19,500 to 9750 psi. This is 

a small percentage of the tensile strength 
of rails and practice has shown that this 
stress can be controlled by rail fasten¬ 
ings now used on conventional rail. 


Advantages of Welded Continous Rail 

Briefly, the advantages of continuous 
welded rail are as follows: 


1. It greatly reduces the cost of 
maintaining track in proper line and 
surface. 

2. It eliminates joint batter. 

3. It eliminates the need for replac¬ 
ing angle bars, bolts, nut locks and 

signal bonds. . . . . 

4. It eliminates cost of renewing joint 

ties. . t 

5. It provides a continuous, saier 

track signal circuit. 

6. It eliminates impact components 
at joints, greatly reducing damage to 
bridge structures, roadbeds, rolling 

1 O A n O’ 


Hardening of Rail Ends 

Requirements .—Hardened areas of rail 
ends must be tough and have sufficie 
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depth of hardness to provide longer serv¬ 
ice life. They should be of sufficient 
hardness to retard wear and, at the same 
time, wear down uniformly with the bal¬ 
ance of the rail and, finally, they should 
have a pattern that permits a uniform 
transition to the unhardened surface. In¬ 
vestigation in the early 1930’s showed 
that sufficient hardness could be reached 
by heating the rail ends and then quench¬ 
ing them in water. However, uniform 
results were hard to obtain and water 
quenching is not now approved by AREA. 
Uniform results can be obtained by hav¬ 
ing the larger mass of the rail itself act 
as the quench aided by an air blast. 

Machine Method .—Machines of special 
design mounted on four-wheel trucks are 
used. Mounted on the machines are four 
sets of oxy-acetylene heating heads each 
with three large heating tips. Two sets 
of heads are on one end of the machine 
over one rail, two at the other end over 
the other rail. Thus the joints on both 
rails can be treated without lifting the 
machine. 

After the torches are ignited the heat¬ 
ing heads are moved laterally across the 
head of the rail by a hand-operated oscil¬ 
lating mechanism. This oscillation pre¬ 
vents the burning of the rail during the 
heating. The heated area on each rail 
end is shaped like a butterfly’s wing with 
the longer edge on the gage side of the 
rail. 

Rate of production under this procedure 
is about one joint per minute, including 
the time required to move from joint to 
joint. A Brinell hardness of from 340 
to 380 is obtained with hardness extending 
to about 1 /« in. below the running surface. 

Cooling of the heating heads is obtained 
by means of a copper baffle plate spaced 
between the outside and inside tips. 

There are two general methods for 
end-hardening rails in track. The first 
is to permit traffic to run over the un¬ 
treated rail for a period of time. This 
permits some cold-rolling and allows 
angle bars to become seated in the fishing 
surfaces. The rail is then surface ground 
to equalize the height of abutting ends and 
the ends are beveled with a cross 
grinder. Following this the flame-hard¬ 
ening operation is performed. 

The second and latest method is to 
flame-harden rail ends as the steel gang 
lays rail. This method is less costly be¬ 


cause special flagmen are not needed and 
it is not necessary to protect signal bonds 
as the hardening operation precedes the 
rail bond installation. 

Manual Method .—Thoroughly trained 
operators can also perform end-hardening 
with a manually-held, large capacity 
torch. A suitable baffle must be used to 
confine the heat to the proper pattern. 
The required pattern is developed by 
moving the torch in small circles on each 
side of the joint. The flame is kept from 
contact with the rail ends to avoid over¬ 
heating the edges. While a correct time 
cycle for heating has been developed, re¬ 
sults are still dependent upon the ability 
of the operator. Where an air-blast 
quench is used, a suitable fixture is re¬ 
quired to direct the blast. Following the 
timed air quench the cooling of the joint 
is retarded for several minutes by cover¬ 
ing it with an insulated cover. Figure 
36 A shows the flame-hardening machine, 
and Fig. 36 B shows the hardened rail. 

Flame-Hardening Open Hearth Frogs 

The flame-hardening equipment used 
for this operation consists of a traveling 
carriage which supports a special water- 
cooled heating head using oxy-acetylene 
tips. The heating flame passes over the 
area to be treated at approximately 6 in. 
per minute. Only the area of the point 
and wing rails from the throat of the 
frog to the place where the wheels are 
entirely carried by the point are treated. 
Frogs treated in this manner wear evenly 
without warpage. The frog is immersed 
in a water tank constructed of sheet iron. 
The water level is maintained by an ad¬ 
justable drain pipe, with fresh water be¬ 
ing continuously introduced. 

Frogs treated by this process have 
given more than four times as much serv¬ 
ice as untreated frogs in the same loca¬ 
tion. The cost of treating a No. 10-100 
lb. frog, including the cost of handling 
the frog to and from the tank, is nominal. 
Since the underlying metal is unharmed, 
the frog can still be reclaimed by normal 
oxy-acetylene welding, after the treated 
area has been worn. 

This same procedure is used to flame- 
harden other portions of the switch con¬ 
struction, such as the frog guard rails, 
special crossing frogs and switch point 
stock rails. 
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Machine for Flame Harden 
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Fig. 36B.—Flame Hardened Rail Joint 
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STEAM PIPES ON LOCOMOTIVES, 
CARS, AND IN THE RAILROAD 

SHOPS 

Locomotives 

The wide use of both the oxy-acetylene 
and arc-welding processes by the rail¬ 
roads has naturally led to the use of one 
or both of these processes in the installa¬ 
tion and repair of pipes on steam locomo¬ 
tives, cars and in the shops. Although 
welding is used extensively in such work, 
it is not always practicable to weld the 
lines, whether they are for steam, air, 
water or sand in their entirety. Provi¬ 
sions must be made to facilitate taking 
them down by the installation of screw 
joints at certain locations. Pipe lines 
must be removed to enable periodic in¬ 
spections to be made as covered by the 
ICC regulations, and in some instances 
to facilitate repairs to the boiler or other 
parts if the pipe obstructs them. By care¬ 
ful planning, pipe line installations can be 
made in the individual classes of locomo¬ 
tives, whether they be the welded or 
screw type joints, so that they will be 
standardized on each class. The general 
practice on many railroads is to weld the 
following pipes: 

All air piping on locomotives and 
tenders. 

Exhaust pipes from air pumps and 
feedwater heaters. 

Sand pipes with the exception of 
maintaining a screwed union near the 
end of the pipe or under the running 
board so same can be removed in case 
of derailment. 

Gravity oil feed piping such as to 
elevator bushings and racks on stokers, 
stoker conveyor screw bearings on 
tenders. 

. Steam piping, air brakes and signal 
piping on the locomotive tender except 
that a threaded connection must be pro¬ 
vided on the nipple at the rear end of 
the tender and also where the pipe con¬ 
nects to the flexible joint at the front 
of the tender. 

All piping lines for oil on oil burning 
locomotives may be welded. 

Extra heavy or double strength piping 
is used for steam pipe installation to air 
pump, air pump exhaust line, water heat¬ 
ers, ash pan flooders, headlight dynamos, 
steam train lines and blow-down lines. 
Oxy-acetylene welding is the generally 
accepted process on this class of work 
and welded pipe fittings are seldom used 


on locomotives. Pipes are bent to suit 
their location and direction and any con¬ 
nected pipe is welded to other steam pipe 
directly without the use of fittings. The 
injector delivery pipe may be welded ex¬ 
cept at its connection to the injector and 
the boiler cheek. Common practice on 
welded pipe is to provide screw joints or 
flexible connections at the receiving point 
and at the delivery end of the line. 

While there is no rule in the ICC regu¬ 
lations prohibiting the use of welded 
joints within the cab on steam pipes sub¬ 
jected to boiler pressure, no welded joints 
are usually made on such pipes, either in 
the cab or in the brakeman’s cupola lo¬ 
cated on top of the tender tank on some 
locomotives. 

Copper piping for steam and oil gen¬ 
erally has fittings attached by the use of 
soft soldering carried out in an oil or 
coke forge. In recent years there has 
been some trend toward the use of silver 
alloys for this work, or in some cases to 
eliminate the brazing operation and use 
only the bell type of joint on copper pipe. 

Several advantages are derived from 
welding of the pipe as compared with the 
use of screw fittings. Engine failures 
naturally are reduced by the elimination 
of failures due to screw connections. 
Minor steam leaks at the threaded con¬ 
nections are eliminated; the pipes are 
less likely to break and there is less main¬ 
tenance since there are no screw joints 
to be loosened by vibration. 

Passenger, Baggage, Express and 
Freight Cars 

Steam heat lines on passenger and bag¬ 
gage cars are extra heavy pipe and instal¬ 
lations are commonly of the welded type. 
Steam heat lines used in connection with 
certain types of air-conditioning units re¬ 
quiring steam also have welded pipe as 
well as the interior heating radiators of 
express and mail cars. All air and steam 
piping on coaches, baggage, mail and ex¬ 
press cars may have welded pipe up to 
the ends of the cars where steam or air 
hose and steam connections and angle 
cocks are located. The advantages of the 
welded design in pipe installations on this 
equipment are similar to those given for 
locomotives. 

In Shops 

W elding can be employed for the in¬ 
stallation and maintenance of many pipe 
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lines within the railroad shops and con¬ 
tiguous territory. Some of the pipe lines 
on which welding may be used are the 
following: Piping in air compres¬ 

sor rooms and distributor lines to the 
various departments ; exhaust lines ; water 
supply lines, including those to wash 
rooms and toilets; fuel oil lines and heat¬ 
ing lines within the fuel oil lines ; all blow¬ 
down lines except drop lines where flexi¬ 
ble joints are required; steam supply and 
condensate return lines for heating sys¬ 
tems and water distribution lines except 
those used in drinking water. In most 
cases galvanized pipe with screw fittings 
is used for conveying drinking water. 

It has been the experience of water 
service maintenance crews that the 
threaded connections on underground 
pipe, especially steam pipe in intermittent 


service, as well as the overhead lines in 
roundhouses are the first parts to be at¬ 
tacked by corrosion. Welding, of course, 
eliminates this source of trouble as well 
as that due to loose joints resulting from 
expansion and contraction of pipes in 
service. 

Old locomotive flues may be utilized in 
place of pipes for such purposes as steam 
and air lines to depots and passenger 
train yards; for down spouts on depots, 
warehouses and shop buildings, thus 
effecting economies in installation and re¬ 
duced maintenance. In general, welded 
pipe installations are far superior to the 
screw joint type of installation. Either 
oxy-acetylene or arc welding may be used 
on shop piping, depending upon the size 
and thickness of the pipe and the condi¬ 
tions under which it is installed. 
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CHAPTER 54 


AUTOMOTIVE PRODUCTS* 


INTRODUCTION 

In the modern automobile, welding 
processes are the primary method of 
fabrication. There are approximately 
8000 resistance welds in an automotive 
body and many automobile frames have 
from 300 to 500 in. of arc welding used 
in their fabrication. The amount of weld¬ 
ing in any particular body, chassis or en¬ 
gine depends upon the detailed design. 
However, with present design trends, the 
number of welds as well as the number of 
parts fabricated by welding is increasing 
materially each year. 

The automotive industry uses practi¬ 
cally all of the common welding and allied 
processes of joining. Resistance welding 
processes are the most extensively used. 
However, manual arc welding, automatic 
arc welding, manual gas welding and 
brazing are widely used. The fabrication 
of many parts involves the use of furnace 
brazing using a hydrogen or cracked gas 
atmosphere and a copper brazing alloy or 
induction or resistance brazing with silver 
alloys. Inert- gas metal-arc welding is 
coming into use for certain special appli¬ 
cations on light sheet metal. 

The requirements of welded joints in 
automotive construction differ widely de¬ 
pending upon the part to which welding 
is applied. However, the following gen¬ 
eral requirements for automotive com¬ 
ponents will indicate the type of service 
requirements that welded joints must 
meet: 

1. Fatigue resistance. 

2. Rigidity in bending, torsion or both. 

3. Corrosion resistance. 


* Prepared by a committee consisting of J. 
F. Randall, Ford Motor Co., Chairman; J. J. 
Chyle, A. O. Smith Corp.; C. D. Evans, Inter¬ 
national Harvester Co.; Jack Ogden, General 
Motors Corp.; W. E. Smith, Midland Steel 
Products Co.; H. R. Sparks, Chrysler Corp.; 
N. E. Wheeler, GMC Truck & Coach Div. 


4. Freedom from leakage. (This re¬ 
quirement varies widely depending upon 
whether the part being discussed is a 
fuel tank, brake line or merely a part of 
the body structure.) 

5. Good surface finish. (Associated 
with this requirement is the necessity for 
any welding process to provide joints 
requiring a minimum of finishing.) 

There are a number of special condi¬ 
tions that are peculiar to automotive pro¬ 
duction and lead to somewhat different 
handling of welding problems when com¬ 
pared with methods used by many other 
industries. This is particularly true be¬ 
cause of the high production rates found 


n the majority of automotive plants. 
r or example, production of 5000 units 
ier day requires an hourly production 
ate in excess of 330 if the schedule is 
o be met with two shifts totaling 15 
iours. When the particular component 
s used in multiple quantities on one ve- 
licle, the production requirements pyra- 
nid rapidly. For example, an eight- 
ylinder engine normally will have 16 
appets. Thus, for a production of 5000 
ngines per day a minimum of 80,000 
appets will be required. On a 15 hr. 
asis, this necessitates an hourly produc- 
ion rate of over 5300 parts. These high 
roduction rates materially influence the 
election of the welding process to be 
sed for the fabrication of automotive 
omponents. Obviously, manual metho s 
equiring skilled welders and a. rela- 
vely low output per man are undesirable, 
'his accounts for the decided preference 
>r the use of resistance welding which 
found throughout the automotive m- 

S considerations are the dfermimng 
ictor in the selection of a fabrication 
lethod for automotive parts, and a sav 

'* of a fraction °f a cent per part m 


1 f _ 


a large yearly cost. 
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The high production rates required, to¬ 
gether with the emphasis on minimum 
labor and material costs per unit, lead to 
the use of large quantities of specialized 
welding equipment capable of producing 
hundreds of welds in a single operation. 
For example, multiple spot-welding equip¬ 
ment is frequently designed to make over 
100 welds per part on 300 or more parts 
per hour. 

Obviously, the use of specialized equip¬ 
ment for either resistance or automatic 
arc welding necessitates extensive tooling 
changes whenever the detailed design of 
a part is modified. This requires a care¬ 
ful study in order to balance equipment 
replacement costs against the savings to 
be obtained by its use during any one 
year. It also requires that the equipment 
be designed so that changes to adapt it 
to the production of new models will be 
at a minimum. 

1 his chapter on automotive products 
will outline briefly some of the methods 
used for the production of automotive 
components. However, only those 
methods which are currently in use and 
proved in production will be included 


ENGINE APPLICATIONS 

Engine Blocks and Heads 

Repair of Castings .—Until recently, en¬ 
gine blocks and heads were fabricated 
entirely by casting. It was found that a 
relatively large number of imperfect cast¬ 
ings were produced and that many of 
these can be satisfactorily and economi¬ 
cally reworked by welding. 

The types of defects which can be re¬ 
paired satisfactorily by welding include 
misruns, laps, blowholes, cracks and por¬ 
osity as well as tool gouges, mismachined 
dimensions, broken off portions, etc. 

In general, careful control of this re¬ 
working is maintained so that the repairs 
do not in any way impair the serviceabil¬ 
ity of the part or materially affected sub¬ 
sequent machining operations. Faulty re¬ 
pair procedures can result in cracking, 
warpage, loss of strength, softening, etc. 

A competent inspector is required for 
the inspection of cylinder blocks and 
heads. He must be familiar with the 
castings being inspected, the repair weld¬ 
ing procedures and the areas in which 
repairs can satisfactorily be performed. 


Table 1 Typical Materials Used for Automotive Parts 


I'.u t 


Engine Blocks and Heads 

Valve Tappets 

Valves 

Muffler and Tail Pipe 
I' rames 

Hear Axle Housings 
Fuel Tanks 
Propeller Shafts 

W heels 
Body Panels 

Trim Materials 
lh>dy Hardware 


Material l'soil 


C, 16% Cr, 


Alloy cast iron 

SAP (1% 1 S'/J < r) steel welded to SAL 1030 .Steel. 

1\ vhaiisi valve. Stellite \<». 6 deposited on cast \ f / f 
1 P/r N’i steel 
how -carbon or aluinini/ed steel. 

l ow carbon fO.J5 r J max.) steel, O.<>90- to 0.1 <i5 in. thick. 

Low or medium carbon steel stampings, cast steel or malleable iron. 

I ei no plate 

Low carbon steel tubing welded to free machining, high sulfur SAE 
1 u4 5 steel forgings 

Low carbon, rimmed or semi killed mild steel 

Low-carbon, cold rolled steel sheet for exposed snfaccs and hot rolled 

l I ^ n parts. Occasionally 

I'lKhcr MrrriKtli SAK 9 50 material ha* Keen usimI. 

Straight chromium and chrome nickel stainless steels Some aluminum 
is presently in n^r. 

Although these items are often chrominum plated die castings which 
are not welded, considerable amounts of welded i hromiuin plated steel 
arc- iim-m tr>i horn rings, hinge stops, etc. 


MATERIALS 

Because of the wide variety of mate¬ 
rials used in welded components in auto¬ 
motive construction, only a brief sum¬ 
mary of the more important ones can be 
given in this chapter. Table 1 shows 
typical materials used for various welded 

components. 


It is necessary that he decide upon the 
necessity of the repair and the desira¬ 
bility of a repair as compared to pro¬ 
ducing a new casting. He must also 
make a preliminary choice of the repair 
method. The procedures for determining 
tlie location and extent of repairs per¬ 
mitted have been well established by most 
automotive manufacturers and are usu- 
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ally available in written form for the in¬ 
spector’s guidance. 

The majority of defects are found by 
visual inspection of the as-cast blocks and 
heads after sandblasting. Other defects 
are found by hydrostatic testing or in a 
few cases by the kerosene and chalk 
method. Magnetic powder and fluores¬ 
cent penetrant methods are occasionally 
used. 

A number of factors dictate the selec¬ 
tion of the specific method of repair weld¬ 
ing best suited for a particular defect. 
Among these are the condition of the 
casting, i.e., rough or machined; the loca¬ 
tion of the defect; the size and nature of 
the defect; the necessity of color match, 
etc. 

The preparation of defective areas for 
repair welding may require the removal of 
metal to provide a groove which can be 
satisfactorily welded. Any sand present 
in the original defect is removed. Prepa¬ 
ration may be accomplished by oxygen 
gouging, chipping or grinding. 

The majority of repairs on as-cast 
blocks and heads are made by oxy-acety- 
lene welding using a cast-iron welding 
rod. Preheating is required in order to 
prevent cracking from the localized ex¬ 
pansion and contraction caused by weld¬ 
ing. General preheat of the entire block 
or head in a furnace is necessary when 
an appreciable amount of welding is done 
in restrained portions of blocks and heads. 
This includes all areas except edges, 
comers, bosses, etc., where only local 
preheating has been found suitable. 

In all repair operations on cylinder 
blocks or on other critical areas where 
extensive welding is required, the rate of 
heating and cooling must be slow enougli 
to prevent cracking. In addition to the 
preheating it is usual practice to postheat 
the blocks after welding. The maximum 
temperature for this postheating opera¬ 
tion must be selected so that it will not 
materially soften the particular cast iron 
being used; this will usually be in the 
800 to 1100°F. range. 

For other repairs on cylinder blocks, 
brazing is occasionally used instead of 
welding if color match is not required. 
This process is employed for defects on 
bosses, corners, edges, etc., in a manner 
similar to gas welding with local preheat¬ 
ing. A lower preheat temperature is re¬ 
quired and repairs can therefore be made 
with greater freedom from warpage and 
cracking. 


When defects are found after the cast¬ 
ings have been partly or completely ma¬ 
chined, oxy-acetylene welding usually 
cannot be performed without excessive 
distortion, and, accordingly, some repairs 
are made using special arc-welding tech¬ 
niques. 

On finished blocks, repairs of small 
sand holes are sometimes made in cylinder 
bores by one of two methods. Bare nickel 
electrodes are employed with both proc¬ 
esses. One method, sometimes errone¬ 
ously called cold welding or battery weld¬ 
ing, involves use of a high amperage 
(approximately 350 amp.) with a suffi¬ 
ciently low voltage (6 to 12 volts) to make 
it impossible to maintain an arc. Bat¬ 
teries are usually used as a current source 
and the metal is deposited by a scratching 
action. Considerable skill is required to 
secure a good bond and a deposit free of 
porosity. 

The second method is usually known as 
intermittent welding. Welding current is 
obtained from a special transformer 
wherein it is interrupted periodically by a 
contactor, thus preventing the accumula¬ 
tion of heat. This method is preferred 
by the majority of producers over the 
one previously described. Repairs can be 
made faster, the bond is better and the 
deposit is sounder. 

Excess weld metal deposited in cylinder 
bores is removed by a special grinder that 
is designed to remove the reinforcement 
down to the original bore wall so that 


loning will finish the operation. 

Metal arc-welding electrodes of. the 
avily covered type with pure nicke 
re wire are used for the repair of the 
all defects, machining errors, etc., on 
ished or semi-finished blocks and heads, 
lese electrodes may be used for sma 
ta.s in nearly all locations on castings, 
:luding machined surfaces. The weld 
:tal is readily machinable and the heat- 
ected zone is small and may be ma¬ 
ned with some difficulty. A . preheat 
about 300°F. aids in reducing this 
rdened zone but a local postheat ot 
jut 1000°F. is necessary to restore 
Dd machinability. Low amperage, a 
nating or reverse polarity, direct cur 
it is used. The weld beads are de¬ 
nted in short lengths which are peene 
j permitted to cool before the nex 
rement of weld is deposited. In som 
covered electrodes haying Mone 

wire are used for s.milarapphw 

however, the use 
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nickel electrodes has superseded the use 
of Monel. 

Welding is used either with or without 
other repair methods. These supple¬ 
mentary repair methods include solder¬ 
ing, metallizing, use of sealants, and 
mechanical methods such as plugging, 
bushing, etc. 

Fabrication of Blocks and Heads .—A 
recent advance in the use of welding was 
made with the introduction of the Crosley 
engine. The cylinder block and head of 


seat inserts are pressed into the ports 
which are then assembled in the cylinder 

heads. 

Cylinders and cam follower guides are 
made of SAE 4140 steel tubing. These 
and the remaining parts, 120 pieces in all, 
are assembled sufficiently to hold together 
in the brazing furnace. Crimping, roll¬ 
ing, press fits and resistance welding are 
used for this purpose. 

During assembly, copper sheet, wire 
and paste are applied to the necessary 
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Fig. 1.—Component Fartn of Welded Engine Assembly 


this engine are composed of steel stamp¬ 
ings, steel tube cylinders and screw ma¬ 
chine parts. These parts are furnace 
brazed into one assembly in a hydrogen 
atmosphere using a copper-brazing alloy 
The generator pulley, crankshaft pulley, 
fan pulley and water pump impeller are 
also made of steel stampings assembled 
by furnace brazing. 

The cylinder head and water jacket are 
stamped from low-carbon steel sheet. 
Exhaust and intake ports are stamped 
in halves and joined by brazed lock 
seams. Tungsten-vanadium alloy valve 


points. The major subassemblies are 
sketched in Fig. 1. 

The blocks are brazed in an eight- 
minute cycle. They are gradually brought 
to brazing temperature (2060°F.) then 
slowly cooled to 1500°F. At this time, 
they are subjected to a blast of cool gas, 
which hardens the cylinder walls, cam 
follower guides and valve seats. 

Upon leaving the furnace, the blocks 
are tested for leaks. The smaller ones 
are repaired by torch brazing using a 
silver alloy. Very little machining is 
required to finish the part. 
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Fig. 2.—Welded Exhaust Muffler 


Valve Mechanisms 

Rocker arms, although usually made of 
forgings, are being welded in some in¬ 
stances. Fabrication involves the resist¬ 
ance welding and brazing of stampings 
and screw machine parts to form the 
complete rocker arms. 

Tappets have a disc of abrasion-resist¬ 
ant material (for example, SAE 52100) 
on the bottom face, which rubs against the 
cam. This disc is projection welded using 
a ring-shaped embossment to the re¬ 
mainder of the tappet which is generally 
made as a screw machine part or a deep- 
drawn stamping. 

Valves designed for heavy-duty service 
frequently have their seating surfaces 
improved by means of a hard-facing ma¬ 
terial. Still higher temperature service 
requires valves of the sodium-cooled type. 
Such valves are forged or machined hol¬ 
low. The top cap or bottom of the stem 
contains a small hole in its center through 
which the proper amount of sodium is 
introduced. This hole is subsequently 
closed by resistance or arc welding. 



SINGLE STRIP TYPE DOUBLE STRIP TYPES 



BUTT BRAZED TYPE BEVEL BRAZED TYPE 

(ALSO RESISTANCE WELOED) 

Fig. 3.—Automotive Steel Tubing 


Radiators 

The major joining process used for 
radiator fabrication is soft soldering, al¬ 
though some spot welding is used for 
securing various parts prior to soldering. 
In addition, spot welding is used to se¬ 
cure side supports and bolting strips. 

Exhaust Systems 

Exhaust and tail pipes are generally 
made of low-carbon steel strip. The 
strip is rolled into a tube and welded in one 
continuous operation. Gas and resistance 
welding tube mills are both used for 
this operation. The requirements are 
gas tightness and easy formability. 

Exhaust mufflers are made of light-gage 
sheet parts rolled and stamped to shape. 
The side seams are usually spot or seam 
welded. End joints are rolled as well as 
seam welded. Baffle plates and other parts 
are spot welded. Aluminized sheet steel 
is used by some manufacturers for greater 
corrosion resistance on exhaust systems. 
Figure 2 shows a cross section of one 
type of muffler. 

Fuel Lines 

Considerable quantities of small size 
tubing are used in an engine for fuel, 
oil, hydraulic and vacuum lines. This tub¬ 
ing is of two types—single and double 

wrapped. (See Fig. 3.) 

Double wrapped tubing is made by roll¬ 
ing one or two pieces of copper-plated 
strip and brazing it in a furnace in. one 
continuous operation. The brazed J oin * 
extends around the full circumference an 
small voids are relatively unimportant. 

The single wrapped or butt-brazed 
type, as the name implies, is rolled in 
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single thickness and t^azed in a butt 
joint. A void in the brafced joint is more 
serious, hence the rating is lower. How¬ 
ever, with appropriate testing, single 
wrapped tubing can be used for all engine 
applications where the requirements are 
freedom from leaks and easy formability. 

Oil Pans 

The oil pan body consists basically of 
a deep-drawn stamping with several baf¬ 
fles and reinforcements spot and pro¬ 
jection welded to it. 

Where production requirements are 
relatively low, welding is performed by 
a large number of single-point rocker 
arm or press-type spot-welding machines. 
In such a case, the baffle stampings may 
be located by means of holes in the baffle 
flanges and embossments stamped in the 
pan body. The baffle is forced into posi¬ 
tion so that the hole snaps over the em¬ 
bossment, thus determining the correct 
location. 

Where production requirements are 
high, oil pans are usually welded on high¬ 
speed, multiple-point machines. For 
some applications, a series of welding 
fixtures are built into a merry-go-round 
which automatically indexes successive 
pans into the welding machine. In other 
installations, a series of multiple-trans¬ 
former type press welding machines may 


sheet and are dome projection welded on 
the inside in a depression to obtain full 
drainage. The drain plug gasket seals 
against the outside surface of the pan. 
Impacts from road obstructions do not 
rupture this weld. Figure 4 illustrates 
such a boss and the riveted casting for¬ 
merly used for the purpose. 

Oil Filters 

Oil filters are made of deep drawn 
stampings, screw machine fittings, etc. 
Some manufacturers use resistance weld¬ 
ing entirely for joining the parts, whereas 
others furnace braze and weld, or braze 
alone. 

Other Parts 

Other small engine components and 
accessories involve welding in some in¬ 
stances. Among these are air cleaners, 
filler pipes, crankcase ventilator pipes, 
crankshaft counterbalance weights, water 
distribution tubes, pulleys, water pump 
impellers, torsional vibration dampeners, 
brackets, mountings and throttle linkage. 

CHASSIS APPLICATIONS 

Frames 

The development of welding on chassis 
traim* has progressed from an all-riveted 
assembly, through the composite riveted 



Casting previously used— 
soft soldered to insure leak 


Fig. 4.—Oil Pan 

riveted in place and 
tightness. 


be placed in a straight line so that the 

pan passes from one machine to the other 

with a direct flow of material until com¬ 
pletion. 


Oil pan drain plug bosses are usualh 
projection welded. Some are made o 
screw machine parts joined by projectioi 
welds using an annular embossment t( 
the pan at a level low enough to permi 
good drainage. This boss is ordinarily 
located on the rear face to he safe froir 
impact. 

Still other bosses are stamped from flat 
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and welded, to the all-welded frame. 
This change has been possible after 
studying the requirements and then cor¬ 


recting the design to permit proper appli¬ 
cation of welding. 

Frames normally are composed of side 
members, cross members and, in some 
instances, center or X members, with 
other components such as brackets and 
reinforcements. The side member is 
usually reinforced with a plate or with 
a sub side member to form a box section 
which may be flash welded, spot welded 
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SPOTWELDED ARC WELDED 

Fig. 5.—Typical Frame Side Members 


or arc welded by either automatic or 
manual methods; unit cost usually is the 
deciding factor. Figure 5 shows three 
typical side member sections; a flanged 
U section with a reinforcing plate spot 
welded thereto, a normal box section 
with sub-side member arc welded into 
the side member and a U section with 
an arc-welded reinforcing plate forming 
one side of the box section. Any of these 
produces a satisfactory member, having 
considerable rigidity in torsion and bend¬ 
ing. 



A typical X or center section (Fig. 6) 
all welded by arc welding or flash weld¬ 
ing is highly resistant to torsional or 
bending stresses. 

Cross bars are frequently arc welded to 
the side members, usually by manual arc 
welding, using a fillet weld (Fig. 7), pro¬ 
ducing an assembly of high strength and 
rigidity. 

Rear Axle Housings 

Welding has made possible the present 
rear axle housing of pressed steel con¬ 
struction with its inherent strength and 
simplicity of design. The tubular sec¬ 
tions used may' be welded (Fig. 8) by 
automatic arc welding, flash welding or 
in a tube mill and cut to length, the 
bearing end of the tube being upset and 


the banjo end formed. Two halves are 
then flash welded to form an assembly 
ready for machining operations. Another 
method shown in Fig. 9 uses a developed 
blank to form a section of tube and banjo; 
the sections are welded together and 
the bearing ends upset. The use of either 
flash or arc welding produces a satis¬ 
factory assembly, the choice being deter¬ 
mined by economic factors. 

Fuel Tanks 

The use of terne plate for fuel tanks 
is standard since it is corrosion resistant 
and readily welded by the seam welding^ 
process (Fig. 10) producing an economi¬ 
cal and leakproof unit. Repairs may be 

made by gas welding. 

Fixtures for high production can be 
used to make the welding operation fully 
automatic and with present welding con¬ 
trols, repairs can be held to a minimum. 

Propeller Shafts 

Propeller shafts are commonly made 
from welded tubing with the end forg¬ 
ings arc welded or flash welded in place 
(Fig. 11). Concentricity, balance at 
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high speeds and high torque resistance 
are the prime requirements. 

Wheels 

Welding of wheel rims has remained 
standard in the industry over a period of 
years. Strip stock is rolled and flash 
welded into a hoop and. after the flash 
has been removed, expanded to size and 
formed to shape. 

Wheel design has evolved from the 
artillery wheel, through the wire wheel 
and the welded spoke wheel to the present 
perforated disc spider which has been 
riveted to the rim. At present, replace¬ 
ment of the rivets with spot or projection 
welds is being studied 
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Fig. 8.—Welded Rear A*lo Housing Made from 

Tubing 

BODY APPLICATIONS 

A* indicated previously, extensive use 
is made of various welding processes in 
the fabrication and assembly of automo¬ 
tive bodies. Because of the extremely 
large number of welding operations that 
are used in body work, it is believed de¬ 
sirable to consider the types of applica¬ 
tions by welding process used rather than 
to attempt a detailed discussion of the 
various operations. Further information 
on resistance welding equipment will he 
found in Chapter 15. 

Spot Welding 

Spot welding is by far the most widely 
used resistance-welding process in auto¬ 
motive body assembly. The general types 
of spot welding equipment and typical 
applications are as follows : 
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Fig. 9.—Welded Rear Axle Housing Made f^om 

Formed Blanks 

Stationary Spot Welding Machines .— 
These machines are generally used for 
MUal! assemblies which can be handled 
easily and which contain relatively few 
welds, or for miscellaneous low production 
inns which require the flexibility obtaina¬ 
ble with this type of equipment. 

Multiple Spot-lVelding Machines .— 
Units of this type are generally used on 
high-production jobs where the increased 
production rates justify the additional 
capital expense. Figure 12 shows a 
multiple-spot machine which produces 
172 spot welds simultaneously on an auto 
body subassembly. Large assemblies re¬ 
quiring 100 to 200 spots each are being 



Fig. 10.— Seam - Welded Fuel Tank 
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produced at rates up to 400 units per 
hour. Sometimes multiple-spot machines 
are set up in a progressive series of three 
or four machines, with automatic conveyor 
feeds between them. This permits high¬ 
speed production of complicated assem¬ 
blies without creating undue maintenance 
or design problems on any one machine. 


former usually containing from one to 
four separate secondary windings. The 
transformers may be energized separately 
in sequence, in group sequence or simul¬ 
taneously, depending upon production 
requirements and the power supply avail¬ 
able. Three typical secondary circuit 
arrangements are shown in Fig. 13. 


# 



Fig. 12.—Typical Multiple-Spot Welding Machine 


Many multiple-spot machines are de¬ 
signed with interchangeable electrode 
units so that the same welding press may 
be used for welding similar assemblies for 
different car models. 

Several welding transformers are used 
to obtain flexibility, each welding trans- 


P or table Guns .—Much subassembly 
spot welding and all final assembly spot 
welding is done with portable welding 
guns (Fig. 14). These guns come in a 
large variety of sizes and shapes, the 
throat area varying from 4 sq. in- to 
approximately 800 square inches. We 
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Fig. 13.—Typical Secondary Circuit Arrangements for Multiple-Spot Welding Machines 


ing pressure is obtained from either an 
oil- or air-actuated cylinder. For normal 
operation, current is supplied to the guns 
by means of water-cooled secondary cables. 
Wherever possible, particularly on the 
larger guns, a counterweight or com¬ 
mercial balancer suspension is used to 
facilitate the gun operations. High- 
production guns are usually sequenced 
with a NEMA Type 3B timing device. 

Projection Welding 

A number of subassemblies are pro¬ 
jection welded, particularly small items 
with closely spaced welds or heavier gage 
materials neither of which arc too well 
suited to the multiple-spot welding. 
1'igure 15 shows a projection-welded body 
floor reinforcement of material 0.080 to 
0.100 in. thick. 

Plash Welding 

Flash welding is frequently used for 
butt joints in sheet metal panels where 
the weld line is of a reasonably simple 
contour. Complicated contours produce 
unduly difficult electrode maintenance 
problems which tend to offset many of 
the advantages of the flash-welding proc¬ 
ess. Typical body flash welds are shown 
in Fig. 16. To obtain the required 
metal finish on exposed body panel sur¬ 
faces requires very accurate electrode 
alignment. 

Gas Welding 

A considerable amount of gas welding 
is used in automotive body construction, 
particularly where poor fitup in butt 
joints requires the addition of an appre¬ 
ciable amount of filler material. On ex¬ 
posed surfaces these joints are subse¬ 
quently hammered below the finished 
body surface, cleaned, filled with solder 
and finished to smooth contours. This 


type of construction requires solder fill¬ 
ing and high metal finishing costs. The 
holding fixtures are generally of a high- 
production type using water-cooled clamps 
to maintain joint alignment and restrict 
heat travel into the assembly. Loss of 
body contours and critical dimensional 
stability are among the major difficulties 
encountered in the gas welding of sheet 
metal assemblies. Typical gas welded 
joints arc shown in Fig. 16. 


A limited amount of brazing is per¬ 
formed where the reduced distortion due 
to the lower heat requirements is of 
sufficient importance to offset the addi- 
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tional material cost. On finished sur¬ 
faces brazed joints sometimes cause dif¬ 
ficulty due to season cracking and mapping 
through the painted surfaces. 

Arc Welding 

A considerable amount of both a.c. 
and d.c. arc welding of sheet metal is 
being performed, particularly for attach¬ 
ing reinforcing members or at locations 
inaccessible to spot-welding guns such 
as unexposed body sections (Fig. 17). 
Low-penetration, high-deposit welding 
electrodes with very stable arc charac¬ 
teristics show appreciable merit in these 
applications. Alternating-current ma¬ 
chines are rapidly becoming popular in 
automotive body shops, particularly due 


Cast-iron brackets are manually welded 
to the frame using pure nickel electrodes. 

Miscellaneous Electrical Parts 

A number of resistance-brazing and 
spot-welding applications are performed in 
joining terminals to ends of wires and 
joining two or more wire sections together. 
There are a number of hot upsetting 
applications used in fabricating small 
parts for electrical use. This involves 
the use of a regular spot-welding machine 
for upsetting rivets, studs and metal 
prongs. Alloy-faced tips are generally 
used for this application due to the extreme 
wear condition involved. (See Chapter 
22 for information on resistance brazing.) 

There are a number of applications of 



Fig. 17.-—Front End to Floor Assembly 
Arc welds used in locations inaccessible for spot welding 


to their reduced operating and mainte¬ 
nance costs. 

MISCELLANEOUS APPLICATIONS 

Starter Motor and Generator Frames 

These assemblies are made up by roll¬ 
ing flat sheet into cylindrical forms and 
arc welding the seam. Small frames are 
generally welded by use of the auto¬ 
matic carbon arc. The heavier frames are 
welded by submerged arc welding. Man¬ 
ual arc welding is used for repair of frames 
and for welding laminated pole dioes. 


spot welding and projection welding of 
mild steel brackets to housings such as 
switch cases, horn assemblies, etc. 

APPLICATIONS ON SPECIAL 

VEHICLES 

Commercial Busses and Coaches 

Many of the items being fabricated on 
coaches and busses are similar to those 
currently being used for passenger auto¬ 
mobiles as previously described. How¬ 
ever, since the production requirements 
of this type of vehicle are drastically lower 
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than those of passenger cars, it is im¬ 
possible to purchase special-purpose 
equipment for the assemblies as would 
be done in other automotive plants. 
Therefore, the spot-, seam- and arc-weld¬ 
ing fixtures and equipment in bus plants 
are usually much simpler and more adapt¬ 
able to change than those in automobile 
plants. 

Aside from the types of equipment in¬ 
volved, the design of the parts is similar 
to that in automobiles with the possible 
exception that in bus manufacture it is 
expected that the operating factor of the 
vehicle will be much higher and, there¬ 
fore, the construction is correspondingly 
more rugged. Since most coach models 
are considerably heavier than automobiles, 


Fan pulley—Spot welding 
Seat frames—Brazing 

Trucks 

The welding operations and equipment 
for the manufacture of motor trucks are, 
in most instances, similar to those which 
are employed on passenger automobiles. 
As in the case of commercial busses and 
coaches, the production of trucks is lower 
than that of automobiles and, therefore, 
it is sometimes impractical to provide the 
extensive tooling that is normally used 
for passenger-car manufacture. Gener¬ 
ally speaking, the assemblies on trucks, 
cabs and frames are also heavier than 
those of automobiles, which necessitates 
heavier equipment. Also, it is usually 



Fig. 18.—Welding Truck Cab Assembly with Portable Gun 


it is necessary that the parts be heavier 
and, therefore, the welding equipment 
involved is generally designed to handle 
greater thicknesses of material. On most 
coach models the following assemblies are 
welded making use of the processes indi¬ 
cated : 

Jack-knife doors—Spot welding 
Driver’s toe board—Seam welding 
Side posts—Projection welding 
Window panels—Spot welding 
Doors—Spot welding 
Stepwell—Spot welding 
Fuel tanks and surge tanks—Spot and 
seam welding 


not feasible to have as many special- 
purpose machines for truck parts and, 
therefore, more general use is made of 
standard types of machines than in auto¬ 
mobile fabricating plants. 

In the case of cab assemblies for lighter 
trucks where the production is relatively 
high, the equipment is very similar to that 
employed on automobiles, and the opera¬ 
tions follow approximately the same pro¬ 
cedure. This includes the use of multiple- 
electrode spot welding machines for 
door, cowl, roof and back assemblies, 
portable guns for cab assemblies (see 
Fig. 18) and a certain amount of arc and 
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gas welding where it is impractical to use 
resistance welding. 

The fuel tanks used on the smaller 
trucks are very similar to those used in 
automobiles, in that they are composed 
of teme-plated material and seam welded 
to form a gas-tight container. Gasoline 
tanks on some of the heavier models are 
extremely large and designed so that 
they do not lend themselves to seam weld¬ 
ing, and a certain amount of arc and gas 
welding is employed (see Fig. 19). 

The frames of trucks are primarily 
riveted assemblies, although recently 
steps have been taken toward spot- and 
arc-welded construction wherever pos¬ 
sible. The welding operations involved 
in accessory items such as generators, 
starter motors, etc., are essentially the 
same as those used in general automo¬ 
bile practice. 


The problems involved in the manu¬ 
facture of trailers for highway use are 
somewhat different from those encount¬ 
ered in general automotive practice. This 
is due not only to the size of the elements 
involved, but also to the fact that the 
production of these trailers is very low. 

Recently, enclosed trailers have been 
made by replacing sheet steel with alumi¬ 
num and stainless steel in an effort not 
only to improve their appearance but 
to provide a certain amount of corrosion 
resistance as well, inasmuch as many of 
these trailers are exposed to the weather 
continuously. 

- While most of the trailers being manu¬ 
factured today are basically of welded 
construction, the methods used are not as 
elaborate as those used on automobile 
bodies due to the lower production in¬ 
volved. However, the primary structure 
is arc welded, and spot welding is utilized 
on thinner sheets wherever practical. 

Hydraulic brake and wheel assemblies 
are also arc welded similar to those 
which are found on the general types of 
motor trucks. There are a few special- 
purpose resistance welding machines being 
utilized for connecting the sheet sides to 
the structure of the trailer. Most of the 
resistance welding done, however, is 
handled with standard machines of either 
the portable or the pedestal type. Some 
manufacturers of trailers also utilize flash 


welding on assemblies which readily lend 
themselves to this type of fabrication. 
However, specialized applications of flash 
welding have not generally been used due 
to the low production which prohibits too 
high an expense in equipment. 

Tractors 

In the manufacture of farm tractors, 
the use of welding has become more and 
more important. The processes being 
used include spot welding, seam welding, 
projection welding and flash welding, as 
well as gas and arc welding. In certain 



Fig. 19.—Arc Welding Truck Gasoline Tank 


instances special machines for resistance- 
welded assemblies are justified, although 
in general, standard equipment is being 
used since the production of these tractors 
does not warrant large expenditures for 
highly specialized equipment. 

Fuel tanks for farm-type tractors are 
generally seam welded in a manner simi¬ 
lar to that used in automobiles, with the 
exception that the shape of the tank is 
often altered to suit the lines of the 
tractor since the tank is completely ex¬ 
posed to view (see Fig. 20). In typical 
farm tractors, the trans/nission and dif¬ 
ferential housing are of cast iron. The 
framework of the tractor, steering mecha¬ 
nism and miscellaneous items such as 
hoods, grilles and cowl assemblies are 
fabricated by welding. Heavier parts, 
such as the frame and drawbar assemblies, 
are generally arc welded and the sheet 
metal parts spot welded, using either 



1272 


APPLICATIONS 



Fig. 20.—Seam Welding Gasoline Tank for 

Tractor 

portable or pedestal type machines or, in 
the case of some high-production items, 
special-purpose multiple-electrode ma¬ 
chines. Many of the round shafts em¬ 
ployed in the various assemblies of the 
tractors are flash welded to forged parts 
such as universal joints or worm gears. 
In the manufacture of tractors, there are 
also many small assemblies which are 
brazed using torches, furnaces or induction 
coils for heating. The materials used for 
this brazing depend upon the details of 
the assembly, but most of the common 
materials are employed. 

Manufacturers of heavy, crawler-type 
tractors, which are commonly used for 
road work, employ welding operations 
which are radically different. The as¬ 
semblies used in crawler tractors are sub¬ 
jected to very severe service and, inas¬ 
much as the loads are heavier, it is neces¬ 
sary to have extremely large parts to 
avoid breakage. Arc welding is usually 
used and automatic arc-welding procedures 
are employed wherever applicable. In 
some of the heavy, crawler-type tractors, 
the transmission and differential housings 


are completely fabricated rather than be¬ 
ing cast (see Fig. 21). This involves a 
large amount of welding on plates rang¬ 
ing from 7 2 to P/s-in. thick. Also, the 
tractor frames on crawler-type tractors 
are normally of arc-welded construction. 
In most cases, these are completely ma¬ 
chined after fabrication. Most of the arc 
welding is done in special positioning fix¬ 
tures rather than on full positioners, in¬ 
asmuch as it is often necessary to only 
rotate the parts in one plane. It is com¬ 
mon to tack weld the component parts of 
these large assemblies in a locating fix¬ 
ture which is not capable of positioning, 
and then reload the assembly in position¬ 
ing fixtures for final welding. Due to the 
size of many of these assemblies, it is 
often possible to break them down into 
smaller component assemblies in order to 
simplify the operations and eliminate the 
necessity of positioning the entire assembly 
for a large portion of the welding. 



Fig. 21 .—Fabrication of Heavy Tractor Drive 

Housing 
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CHAPTER 55 


AIRCRAFT* 


INTRODUCTION 

Welding in aircraft has now found 
extensive use in both primary structural 
and non-structural applications. Choice 
of material is dictated principally by design 
requirements, although weldability is also 
a factor, and the welding process is then 
selected on the basis of applicability to the 
material selected, the quantity to be pro¬ 
duced, the cost of the process and the 
structural efficiency of the joint produced. 

A very wide variety of materials and 
designs are required in aircraft fabrication, 
resulting in the use of most of the welding 
processes. Because the materials used 
include aluminum and magnesium alloys, 
low-alloy steels, austenitic steels and high- 
nickel alloys, a wide variation of tech¬ 
niques for most of these processes is also 
encountered. 

MATERIALS 

In the following tables an effort has been 
made to include as many of the alloys 
commonly used in aircraft as possible, to¬ 
gether with an evaluation of the weld¬ 
ability of each. 

Although the details of the various 
welding processes, compositions of ma¬ 
terials used and the general welding pro¬ 
cedures are covered in detail in other 
chapters, a summary of materials and 
applicable processes for aircraft fabrication 
is shown in Tables 1 through 6. 


Prepared by a committee consisting of C. B. 
Smith, Douglas Aircraft Co., Chairman; F. Al¬ 
brecht, Glenn L. Martin Co.; F. S. Boericke, 
Haynes Stellite Co.; R E. Bowman. Air 
Materiel Command; D. E. Dawson, North 
American Aviation, Inc.; T. H. Hazlett, Uni¬ 
versity of California; C. E. Hibert. Consolidated- 
V ultee Aircraft; F. H. Matthews, Boeing Air- 

T- ra T^i °i* E* Piper, Northrop Aircraft; R. 
F. Plumb, Ryan Aeronautical Co.; E. R. Proc¬ 
tor, United Aircraft Products, Inc.; N. E. 
I romisel, Bureau of Aeronautics, Navy Depart¬ 
ment; T. A. Wilson, Consulting Engineer. 


DESIGN 

Arc and Gas Welding 

Structural Joints in Low-Alloy Steels .— 
Assemblies made from low-alloy steels 
by arc and gas welding include such struc¬ 
tures as engine mounts and landing gears. 
(Some use is still being made of welded 
tubular fuselage structure.) It is not 
considered good practice to converge more 
than six tubular members into a single 
cluster. An unreinforced butt design 
previously was not generally acceptable 
for a structural joint, but is now coming 
into use. Adequacy of design is generally 
demonstrated by static, impact and fatigue 
tests. 

The methods for computing the design 
loads for welded joints in structures are 
given in Specification ANC-5, Strength 
of Metal Aircraft Elements t, and a de¬ 
tailed discussion will not be presented here. 
In some cases welding is considered in 
ANC-5 to reduce the strength of the metal 
near the weld to a value of 80% of base 
metal strength. In other cases no reduc¬ 
tion is required and in still other cases 
intermediate strength reductions are 
specified. 

In connection with the strength con¬ 
siderations of structural joints, thought 
must be given to the elimination of stress 
concentrations by adequate distribution of 
the loads. This may be accomplished 
through the use of various types of rein¬ 
forcements such as wrap plates and gus¬ 
sets which must be designed to permit 
high quality welding. A poor weld at 
a point already 'subjected to stress con¬ 
centrations might result in the premature 
failure of the assembly. One of the points 
to be considered is the relative masses 
of the details being welded so that ade¬ 
quate penetration of the weld bead into 
each is assured and overheating is avoided. 


t See Bibliography. 
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APPLICATIONS 


Accessibility for the welding operation 
is very important since the probability of 
making a poor weld increases as the joint 
to be welded becomes more difficult to 
reach. Figures 1 and 2 show welded en¬ 
gine mount and landing gear assemblies 
typical of aircraft structural applications. 

Non-Structural Joints —General use is 
made of arc and gas welding in non- 
structural assemblies of low-carbon steels, 
low-alloy steels, 18-8 stainless steels. 
Inconel, Monel and Superalloys .* These 
assemblies may or may not be subject to 
loads of a nature requiring stress analysis, 
but good welding is usually necessary 
to avoid premature failure of the part. 
Various joint designs are used. For sheet 



Fig. 1.—-Arc- and Gas-Welded Engine Mount 

metal, lap joints are favored because they 
are easily fabricated and fit-up is not 
much of a problem. Butt joints are 
acceptable, but require careful fit-up, and 
in thicknesses of 1 /ie in. or more the 
edges usually are beveled to secure full 
root penetration. Tubing or bar is fre¬ 
quently welded to sheet material to form 
an attachment point or boss. 

Figures 3 and 4 show applications of the 
non-structural use made of arc and oxy- 
acetylene welding. 

Oxy-hydrogen Welding of Aluminum .— 
Although nearly all forms of joint design 
in aluminum can be welded using an oxy- 
hydrogen torch, the practice must be con¬ 
fined to a relatively few weldable alloys 

* Heat-resisting alloys containing molybdenum, 
nickel, chromium, cobalt or tungsten. (See 
Table 4.) 


(see Table 1). After such welding, 
aluminum must be promptly defluxed to 
prevent corrosion, consequently joints 
in which flux may be trapped should be 
avoided. Butt joints, including those in 
which the edges are flanged and melted 
down flush, are most preferred. The 
strength of such joints is comparable to 
the annealed value for the base metal. 
A typical assembly is shown in Fig. 5. 

Flash Welding 

Allowable Strengths .—The low-alloy 
steels are the only materials now regularly 
fabricated by flash welding for aircraft 
structural applications. The allowable 



Fig. 2.—Arc-Welded Landing Gear True* 

tensile strengths for welds in such steels 
are found in Specification ANC-5 and 
are subject to revision as the procedures 
or materials are improved. At present, 
joints in normalized tubing, as-welded, 
are considered equal to the unwelded tub¬ 
ing. For heat-treated tubing, welded after 
heat treatment, an efficiency factor of 1.00, 
based on the ultimate tensile strength of 
normalized tubing, is allowed. For joints 
in tubing, heat-treated after welding, the 
majority of aircraft companies prefer an 
efficiency factor of 1.00, based on test and 
close quality control. ANC-5 allowables, 
however, are restricted to efficiency factors 
of 0.80 and 0.90, due to th* reluctance 
of the services to accept the higher valu 
in view of adverse service experience '■ * 
the need for a margin of safety in 
with possible hidden defects. 
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Joint Design. —The large majority of 
flash-welded assemblies used in aircraft 
consists of end fittings machined from bar 
stock or forgings, flash welded to each 
end of tubing of standard diameter and 
wall thickness. It is desirable to locate 
the weld as near to each end of the as¬ 
sembly as possible to reduce the total 
amount of machining on the end fitting. 
This location is also desirable from a 
stress standpoint for compression members 
since it tends to minimize any buckling 
tendency. On the other hand, a good 
weld is mandatory and all the necessary 
clamping and backing provisions to in¬ 
troduce adequate current, hold alignment 


assemblies are flash welded to the barrels 
and the piston head to the piston rod. 

( See Figs 6 and 7.) 

Pressure Gas Welding 

Allozuable Strengths .—The allowable 
strengths for pressure gas-welded joints 
are the same as those used for flash weld¬ 
ing. Test results on welded low-alloy 
steel parts heat treated to the range 
180.000 to 220,000 psi. consistently show 
100% joint efficiency. 

Joint Design .—The design of joints is 
somewhat similar to that for flash weld¬ 
ing. Most applications use tubular sec¬ 
tions. Pressure gas welding requires 



Fig. 3.—Arc-Welded Boiler 

and prevent slippage of the part during 
upset must be considered. The design 
data given for clamping length, material 
loss, die space, etc., for flash welding in 
the AWS R»c comm ended Practices for 
Resistance Welding (see Chapter 17) 
are amply conservative to ensure produc¬ 
tion of good welds. Although it is likely 
that some departure from these values can 
be made in the interest of reduced ma¬ 
chining cost, no significant change should 
he made without appreciable testing. 

Applications. —Assemblies made by this 
process are landing gear struts and braces, 
engine mount members and wing spar 
members. Also included are rod as¬ 
semblies for engine control, operation of 
cowl flaps, wing flaps, ailerons, elevators, 
rudders, trim tabs and doors of all kinds. 
I he heads of some hydraulic cylinder 


Fig. 4.—Oxy-Acetylene Welded Chrome-Moly 

Steel Brackets 

properly prepared ends for consistently 
high joint quality; abutting faces must be 
smoothly machined precisely at right 
angles to the axis of the tube. Provision 
must be made for applying the welding 
force axially along the work. Other 
important design considerations are shown 
in Fig. 8. 

Applications. —Pressure gas welding 
is used in the fabrication of heavy struc¬ 
tural units such as landing gear. Light 
work for pressure gas welding is con¬ 
sidered heavy work for flash welding and 
there is some overlapping of the processes. 
Most pressure-gas welded assemblies have 
a wall heavier than 0.1 inch. 

Projection, Spot and Seam Welding 

Allozvable Strengths and Design Re¬ 
strictions. —Specifications ANC-5, AN- 
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Fig. 5.—Oxy-Hydrogen Welded Aluminum 

Alloy Cowling Assembly 



Fig. 6.—Flash-Welded Crew Nacelle Spar 

Assembly 

Diagonal braces also flash welded. 


Fig. 7.—Flash-Welded Engine Mount 

W-30, AN-W-32, AAF 20011 and the 
Army and Navy Design Handbooks all 
impose restrictions on the application of 
spot welding. Aluminum joints must be 
of three thicknesses or less, and the maxi¬ 
mum thickness difference must not be more 
than 4x the thickness of the thinner outer 
sheet. Bare structural alloys must be 
welded to each other only with special 
permission contingent upon adequate cor¬ 
rosion protection. Structural fittings are 
not permitted to be fabricated by piling 
up several thicknesses and spot welding. 
The welding of low-alloy (heat-treatable) 
steels and the design of structural assem¬ 
blies must be approved by the procuring 
agency. No strengths have been estab¬ 
lished by specification for projection welds 
or for seam welds (other specification re¬ 
quirements on these processes appear in 
the Quality Control Section). The maxi¬ 
mum design load per spot is specified jmt 
to exceed the values given in Table /. 

Joint Design .—In designing a spot- 
welded joint the first consideration (after 
strength) is the amount of material over¬ 
lapped and the spacing between successive 
welds in a row. Table 8 gives some typica 
values of overlap and weld spacing user 

in aircraft. _ . 

Certain general practices in the design 
of spot-welded parts bear observation 
and comment. Weldments involving 
severely curved or tubular sections are 
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Table 8^Spot-Weld Joint Design Data® 

Thickness of 

Aluminum and Magnesium 

Steel c and Nickel Alloys 

Thinner Sheet, 

In. 

Overlap, Weld Spacing,& 

In. In. 

Overlap, Weld Spacing, 6 

In. In. 


0.008 

• • • 

• • 

Me 

0.012 

• • • 

0 • 

.Me 

0.016 

% 

X 

X 

0.020 

X 

x 

H 

0 . 025 

Ke 

X 

Me 

0.030 

• • • 

• • 

Me 

0.032 

X 

X 

• * • • 

0.035 

• • • 

• • 

Me 

0.040 

X 

X 

• • • 

0.042 

• 0 • 

0 • 

x • 

0.050 

• • • 

• • 

X 

0.051 

X 

Va. 

4 

• • • 

0 . 062 

• • • 

w m 

• 0 

Me 

0.064 

H 

X 

• • • 

0 . 072 

H 

X 

% • 0 

0.078 



X 

0.081 

:i 4 

X 

• 90 

0.093 

• 00 

• • 

1 Me 



• • • 
1M 
• • • 
IX 


a Values in this table are typical for the aircraft industry. 

h It is undesirable to space the welds more closely than shown (except for seam welding). Wider 
spacings should be used wherever possible. 

c Corrosion-resistant, low-alloy and plain low-carbon s£cel. 


generally difficult to produce with top 
quality. There is frequently difficulty in 
making the details fit together. With elec¬ 
trode faces too flat to fit the curved part, 
distortion results; with electrodes severely 
contoured, poor welds may result. If the 
tubes are small in diameter and the dis¬ 
tance from the end to the point of welding 
is appreciable, the arm inserted into the 
tube will bend, also contributing to poor 
welding. Soft aluminum alloys are not 
entirely satisfactory for aircraft spot 
welding since they require higher currents, 
producing overheating of the electrodes, 
poor external weld appearance and severe 
indentation. 

Figure 9 shows a number of different 
spot-weld joint designs and Fig. 10 a num¬ 
ber of seam weld joint designs with com¬ 
ments on the desirability of each. 

Complicated assemblies of aluminum 
or magnesium alloys which require ap¬ 


preciable benchwork between successive 
welding operations may become con¬ 
taminated by handling or by oxidation of 
the weld areas due to elapsed time after 
deoxidation treatments and this may result 
in lowered weld quality. Careful de¬ 
sign can minimize this difficulty. 

Design for projection welding in air¬ 
craft has not been appreciably developed 
and has been used only for steels and 
nickel alloys. Design for seam welding 
is essentially the same as for spot weld¬ 
ing with regard to overlap. Spot spac¬ 
ing is usually not specified, but rather 
the degree of pressure tightness in terms 
of a required pressure test. Chapter 16 
contains further information on spot, seam 
and projection welding. 

Applications .—See Figs. 11 to 14 for 
typical spot, roll spot and seam welding 
applications. 



(</) For wall thicknesses up to 0.250 in. (.5) For wall thicknesses over 0.250 m. 

Fig. 8.—Joint Preparation for Pressure Gas Welding 

Note: Welds should not be located closer to a change in section than 4 times wall 
Amount of metal lost during welding approximately equal to wall thickness. 
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F*ig. 9.“-Aircraft Spot-Wolding Desig 































Fig. 10.—Aircraft Seam-Welding Design 
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Fig. 12.— Spot-Welded Aluminum Alloy 

Engine Cowl 

the computation of the strength of the 
joint have been established for it. 

Results from a number of tests on 
aluminum alloys are given in Table 9. 

Typical Applications .—Nearly any type 
of joint can be welded using this process, 
but a very low upstanding flange is prob¬ 
ably the ideal since it can be welded with 
no (or very little) added filler metal, and 
at very high speeds. 

Figures 15 to 18 show typical assemblies 


Fig. 11.— Spot Welding Aluminum Alloy Tail 

Boom Segment 


fabricated using this process. (See also 
Chapter 12 for further information on 
inert-gas metal-arc welding.) 


Inert-Gas Metal-Arc Welding 

Strength Considerations .—Since this 
process is not generally applicable to 
structure alloys for aircraft, no rules for 


Brazing 

Strength of Joints .—In aircraft design 
brazed joints must be stressed entirely in 
shear, since tension loads may cause failure 
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Fig. 15.—Inert-Gas Metal-Arc Welded Magnesium Pilot Control Column 


Table 9—Strengths of Welds in Aluminum Alloys 


Argon Shielded Arc, A.C. Machine 


Alloy 

Thickness, 

I n. 

Number 

of 

Specimens 

Ultimate 

Average. 

Psi. 

Tensile Strength 
Minimum, 
Psi. 

52S-() 

0. 102 

Butt Weld in .Sheet 

59 

27,500 

21,130 

52S-( > 

0 040 

0 

24,000 

23,700 

3S-D 

0.004 

2 

10,400 

10,000 

0 1 S-() 

0 040 

•) 

17,000 

17,000 

01S-T4 

0.040 

T 

25,000 

25,000 

ois-t i 

0.004 

3 

22.500 

21.800 

G1S-T 1 

0.072 

3 

27.000 

24.000 

G1S-T4 

Butt 

0.072 

Weld and Reinforcing Strap 

3 28,300 

20,000 

G1S-T4 

1-In. 

0.040 

Lap and Double Fillet 

2 

Weld 

23,900 

22,500 

G1S-T4 

0.004 

8 

25,000 

24,300 



Fig. 16.—Inert-Gas Metal-Arc Welded Magnesium Pulley Bracket 

Alignment of supports is very important for machining and installation 
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at low values by peeling. While brazing 
is frequently used where low or no-load 
conditions are encountered, it may be 
used in structural applications, and parts 
furnace-brazed with copper may be heat- 
treated without destroying the bond. 
Many factors other than design, such 
as surface roughness, cleanliness, filler 
metal, base metal, heating process, etc., 
affect the strength of a brazed joint. 
Consequently, the maximum design 
strength specified (ANC-5) for steels 
and nickel alloys is 15,000 psi. 

Brazing is usually not used where 
elevated temperatures are to be expected. 
Table 10 shows the results of some tests 
on low-alloy steels at various tempera¬ 
tures. (See Chapter 22 for further infor¬ 
mation on brazing.) 

Joint Types. —The requirements for 


Table 10—Test Results on Brazed Joints in 
Low-Alloy Steel at Elevated Temperatures 

.-Shear Strength, Psi.-- 

Torch Brazing 

Furnace Brazing (85% Silver. 
Tempera- (Copper alloy) 15% Manganese) 
ture, (Lap Joint (Plug and 

°F. in Plate)* 1 Ring)" 


Room 17,525 24,900 

400 15,580 20.800 

800 14,000 20,100 

1000 9,700 12,800 

1200 7,810 


“ Results from lap joints in plate are usually 
lower than plug and ring results. 



Fig. 17.—Inert-Gas Metal-Arc Welded Hy¬ 
draulic Pressure Reservoir Fabricated from 
Drawn Magnesium Dome and Magnesium 
Plate Base 


loading only in shear limits to four the 
types of joint which can be used. 

(a) Sleeve type (tube in tube; rod in 
socket) 

(b) Collar type (tube or rod through 
plate) 

( c ) Plate to plate (lap joint) 

( (l ) Combinations of the above. 

hit-up Tolerances .—Tests of furnace 
brazed sleeve or collar type joints using 
copper brazing alloys have shown some 
increase in average strength with interfer¬ 
ence fits, but there is a wider range of 
joint strength, and a longer soaking time 
in the furnace is necessary for full joint 



Fig. 18.—Inert-Gas Metal-Arc Welded Hydraulic Reservoir Tank Composed of AZ61 

Magnesium Sheet and AZ92 Magnesium Casting 
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penetration. Aircraft practice now is to 
provide a fit from 0.002 interference to 
0.005 clearance. For silver alloys the 
fit is in the range from 0.003 to 0.010 
clearance. 

Suface Roughness .—Surface roughness 
has been found to be not critical within 
the limits of 40 to 250 micro-inches RMS 
(as defined by the National Aircraft 
Standards Committee). 

Applications .—Furnace brazing with 
copper alloys has been utilized mostly for 
parts prefabricated from low-alloy and 
plain-carbon steels. Some structural 
members have been fabricated by this 
process and heat treated to relatively high 
strengths after brazing. 

Brazing, using silver alloys, can be 
applied to most aircraft metals, except 
aluminum and magnesium. Because of the 
low melting point of the silver alloys, the 
assemblies are not generally heat treated 
after brazing, and since lower tem¬ 
peratures (than for welding) may be used, 
this process is advantageous in joining 
thin sheet metal to reduce warpage. 
Brazing with silver alloys has been used 
to some extent for structural applications, 
but receives its broadest use in non- 
structural design. Torch brazing using 
aluminum alloys is not practiced ex¬ 
tensively, welding being preferred. Fur¬ 
nace and dip brazing have been used in 
the fabrication of aluminum alloy radi¬ 
ator's. tanks, grills, fittings and tubular 
assemblies. 

Soft Soldering 

A p plications .—The use of lead-tin 


solder is very restricted in aircraft. It 
is used for connections in the electrical 
system where solderless connectors can¬ 
not be used; for the attachment of brass 
instruction plates to landing gear shock 
struts and similar members; and for the 
sealing of threaded high pressure hy¬ 
draulic assemblies (such as piston heads 
to piston rods). (See Chapter 23 for 
further information on soft soldering.) 

FABRICATING PRACTICES AND 

PROCEDURES 

Arc and Gas Welding 

Jigging Methods .—In order to control 
dimensions and warpage, it is regular 
practice in aircraft welding to utilize a 
jig of some sort. The best designed jigs 
incorporate such features as easy position¬ 
ing, so that downhand welding can nearly 
always be used; ample clearance, so that 
the welder will not be cramped; and 
sturdy construction to withstand rough 
handling in the shop or thermal stresses 
due to preheating, welding and post¬ 
heating. 

Figures 19 and 20 show typical jigs used 
for gas and arc welding. 

Fit-up .—A quality welding job is im¬ 
possible without good fit-up. In welding 
butt joints, every effort is made to keep 
the root opening to less than half the 
thickness of the material being welded. 
This is accomplished by careful machining 
and considerable benchwork of the usual 
metal fitting variety. If the sheet thick¬ 
ness exceeds Vs in., the edges are usually 



—Jig for Arc Welding Landing Gear Truss 



Fig. 20.—Jig for Arc Welding Tail- 

pipe Brackets 


Fig. 19. 
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beveled to ensure full root penetration. 
Some assemblies lend themselves to setup 
by tack spot welding, which is an excel¬ 
lent method on low-carbon steel, aluminum 
or nickel alloys for setting up doublers 
or mating parts with outside flanges 
(see Fig. 21). 

Thermal Treatments .—The use of ther¬ 
mal treatments such as preheat, controlled 
cooling and postheat treatment or stress 
relief varies according to the application 
and type of alloy. Low-alloy steels with 
no more hardenability than SAE 4130 
are generally welded with little or no 
preheating and may receive a heat treat¬ 
ment after welding for increased strength. 
Steels with greater hardenability than 
SAE 4130 are used only if heat treatment 
t.c produce a high strength after welding 
is required. These steels require preheat¬ 
ing (preferably furnace) and controlled 
cooling to avoid cracking in or near the 
weld. Corrosion-resistant steel (18—8 
type), if unstabilized, requires an anneal¬ 
ing treatment after welding if maximum 
corrosion resistance is to lx* attained. In 
general, the stress relief of arc- and gas- 
welded assemblies is not practiced unless 
found necessary by repeated loading tests. 

Defluxing .—Steels and nickel alloys are 
generally defluxed hv light sand blasting. 
Magnesium is usually defluxed with hot 
water and manual scrubbing, followed im¬ 
mediately by a chrome-pickling operation. 
Aluminum alloys, by specification require¬ 
ment, are defluxed with a 10% solution 
of sulphuric acid. 

Flash Welding 

Fit-up ami Tolerances .—The dimen¬ 
sions of the clamping area play a very 
important part in the axial alignment 
and quality of flash welds. Misaligned 
abutting edges tend to slide laterally 
rather than upset properly and a poor 
bond results. To avoid this, the outside 
diameters of tubular members are usually 
held to a tolerance of about 0.005 in. for 
wall thicknesses up to 0.100 in., and held 
to 0.010 in. for heavier walls. (Cold fin¬ 
ished tubing and bar stock is usually 
satisfactory without special sizing opera¬ 
tions.) The usual length tolerance after 
welding is about 1 /a 2 inch. If a closer 
value must be held, this is obtained by 
machining after welding. Prior to weld¬ 
ing, the details are held to a maximum 
length tolerance of '/« in. each, so that 



Fig. 21.—Tack Spot Welding o£ Type 347 
Exhaust Manifold Section Prior to Arc Welding 

the aforementioned final tolerance can be 
held without sacrificing weld quality. 

Tooling .—Length dimension is usually 
maintained with the aid of back-up tool¬ 
ing. If the rotational relation of two end 
fittings is important, indexing pins may 
be incorporated into the back-ups. Such 
fixtures are frequently installed on the 
machine with the aid of a dummy part. 
Figure 22 shows a flash-welding machine 
with tooling designed to control rotation 
and length in welding a structural part. 

Preparation of Parts .—All dirt, scale, 
grease and foreign material are removed 
from the clamping and welding areas. 
This practice ensures consistent welding 
and long die life. 

Parts which must have the internal flash 
and spatter removed are usually masked 
internally with commercially available 
compounds and mechanical devices such 
as plugs made from copper, wood or 
cardboard. 

Thermal Treatments .—The use of 
thermal treatments for stress relief alone 
is not generally practiced in aircraft ap¬ 
plications of flash welding. Steels of 
hardenability great enough to be in danger 
of cracking due to the thermal stress of 
welding are invariably heat treated to a 
high strength value after welding. Crack¬ 
ing, if experienced, can usually he elimi¬ 
nated by placing the weldment in a fur¬ 
nace to control the cooling rate. 

Protective Atmospheres .—Protective at¬ 
mospheres have been found to be bene¬ 
ficial in the welding of heavy sections of 
low-alloy steel tubing. The gas is al- 
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lowed to flow on the inside of the tubing, 
and escapes at the joint during the flash¬ 
ing period. The thickness range in which 
the use of a protective atmosphere is 
beneficial has not been established, but 
appears to be 3 /io in. and heavier. This 
probably will vary with each machine. 

Two types of protective atmospheres 
have been used: the inert (argon or 
helium) ; and the reducing (a mixture of 
illuminating gas and hydrogen). Helium, 
being lighter than air, does not seem to 
blanket the weld as well as argon. The 
correct flow of either gas should be de- 


The equipment necessary is a press of 
required capacity equipped with fixtures 
for holding the parts to be welded in 
alignment, an oxy-acetylene heating head 
and a device to measure and control the 
amount of gather (shortening of parts 
due to upsetting). 

Figure 23 illustrates a hydraulic pres¬ 
sure gas welding machine together with 
the associated tooling and control equip¬ 
ment. The movable pressure plate at left 
is actuated by two hydraulic pistons that 
move in a plane through its center line. 
Such axial loading minimizes misalign- 








Fig. 22.—Locating Fixture and Flash-Welding Machine for Crew Nacelle Spar 
Pins through forged clevis and tooling removed prior to welding. 


termined experimentally, since there is 
some evidence that an excessive flow may 
be detrimental to the weld. The illumi¬ 
nating gas-hydrogen mixture has been 
reported to be beneficial and to be less 
critical as to correct flow of gas than 
the inert gases. 

Pressure Gas Welding 

The essential considerations when us¬ 
ing pressure gas welding are intimate 
contact of surfaces to be welded, heat, 
pressure and exclusion of air or any ma¬ 
terial that might cause physical or chemi¬ 
cal discontinuity between the abutting 
weld faces. 


ment or angularity of the component 
parts. 

The principal requirement of the heat¬ 
ing head is that it produce a high tem¬ 
perature throughout the weld interface at 
a rate suited to the particular section. 
The heat gradient, both axially and ra¬ 
dially, must also be considered so that 
weld faces do not open up because of 
differential thermal expansion. The heat¬ 
ing head usually oscillates laterally or 
angularly so as to distribute the flame 
from each orifice over an appropriate 
area; this not only transfers heat effi¬ 
ciently but also prevents overheating o 
the metal beneath the flame tips. 
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The extent of upsetting can be effec¬ 
tively controlled by a limit switch to 
turn off the hydraulic pressure and fuel 
gas to the heating head simultaneously 
after the required amount of gather has 
taken place. 

In practice, parts are machined with a 
good finish on the weld faces and firmly 
located in the welding machine by fix¬ 
tures providing accurate alignment. All 
controls are set and the upsetting pres¬ 
sure is applied before the heating head 
is set. The heat, being concentrated at 
the weld plane, limits upsetting to a rela- 


device or riveted with a scattering of 
safety rivets (intended to prevent pro¬ 
gressive failure of a row of sprit welds). 
Riveting is generally used for aluminum 
and magnesium alloys, while tack spot 
welding with portable equipment fre¬ 
quently is used for steel assemblies. The 
tack spot welding may be accomplished 
by a push gun, where the electrode force 
is developed by the operator pushing the 
gun against the work, which in turn is 
backed up by either electrodes perma¬ 
nently located in the jig, or by an elec¬ 
trode held manually. 



Fig. 23.—Pressure Gas Welding Machine for Aircraft Parts 

Approximate maximum capacity is 50 sej. in. of weld. 


tively small volume at the weld plane, 
until the gather control mechanism shuts 
off the heat and pressure. Welding time 
ranges from a few seconds to several 
minutes, depending on the wall thickness 
of the weld. An average time for a tube 
with V^-in. wall thickness is about IV 2 
minutes. 

Projection, Spot and Seam Welding 

Fit-up .—Mating parts should be formed 
to fit so that no force other than light 
manual pressure is necessary to cause 
contact, and this should not tend to 
cause separation at other points. 

Tooling .—Many parts are set up ini¬ 
tially in jigs where they are either tack 
spot welded, fastened with a temporary 


Better tack welds can be made using 
guns developing higher electrode forces. 
Such guns either lock into the setup fix¬ 
ture, or take the form of a yoke, with a 
device for developing a controlled elec¬ 
trode force through pneumatic, hydraulic 
or mechanical means. Such an operation 
is shown in Fig. 24. A third method of 
tacking consists of holding the jig with 
the parts in place up to a standard ma¬ 
chine and making enough welds to locate 
the parts permanently. This is the only 
method of tack spot welding in general 
use on magnesium and aluminum alloys. 

Portable Equipment .—Except for tack 
welding, very little aircraft work is done 
with portable equipment, and to date 
this has nearly all been confined to steel 
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Fig. 24. Tack Spot Welding Using Portable 

Gun 


shown in Fig. 25. In these cases, the 
assemblies at the time of welding were 
large and heavy, and. the location of 
welding extremely confined, making it 
far easier to maneuver a gun than to 
position the assembly on a special setup 
in a welding machine. 

Cleaning and Handling .—Steel and 
nickel alloys which are in a bright finish 
condition generally require no special 
cleaning prior to welding, other than the 
removal of oil, dirt, paint and foreign 
material. Steel with scale or oxides is 
usually pickled to remove those impuri¬ 
ties. 

Aluminum and magnesium alloys must 
have all surface impurities removed, in¬ 
cluding oxides as well as paint, oil, pro¬ 
tective coatings and foreign material. 

1 here are many ways to accomplish this, 
and a number of commercial compounds 
are available. The result of considerable 



and nickel alloys. It is, of course, pos¬ 
sible to maintain a satisfactory quality 
level with such equipment, and use has 
been made of it on continuously moving 
production lines, used during the war for 
high volume. Occasionally portable 
equipment is used to overcome a problem 
of accessibility. Such an application is 


Fig. 25.—Portable Spot-Welding Equip 
ment for Hard-to-Reach Welds 
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Fig. 26.—Cleaning Setup for Aluminum Alloys 


research work has been reported.* Elabo¬ 
rate chemical tank installations are uti¬ 
lized for mass production preparation of 
aluminum alloys for spot welding. Fig¬ 
ure 26 shows a cleaning and deoxidizing 
setup which uses hot alkaline cleaner, 
water rinse, hydrofluosilicic acid etch, 
water rinse and hot air drying, in that 
order from right to left. Aluminum and 
magnesium alloys should be welded as 
soon as possible after preparation since 
the greater the elapsed time, the greater 
the likelihood of contamination of the pre¬ 
pared surface. Of course, through mis¬ 
handling, a carefully prepared surface 
may be contaminated, consequently every 
precaution should be taken to minimize 
the handling and time of exposure of the 
parts between preparation and welding. 

Inert-Gas Metal-Arc Welding 

Pit-up and Welding Fixtures. —Fit-up 
practices and welding fixtures are not 
appreciably different from those of other 
arc- and gas-welding processes. Tack 
spot welding is an excellent method for 
holding the details together prior to the 
welding operation for lap or flanged butt 
joints. 

Shielding, Fluxing and Deoxidizing .— 

See Bibliography. 


Argon is the gas more commonly used 
for shielding in aircraft work. The flow 
is set at about 5 liters per min. for corro¬ 
sion-resistant steels or nickel alloys, at 
about 10 liters per min. for aluminum and 
3 liters per min. for magnesium alloys. 

Corrosion-resistant steels and nickel 
alloys are usually fluxed on the back 
side. Aluminum alloys require no flux, 
using the procedures recently developed. 
The elimination of flux on aluminum is 
especially advantageous, since satisfactory 
defluxing is difficult and expensive. 

The surface of aluminum alloys is gen¬ 
erally prepared for welding using the 
same procedures as for spot welding. 
Since this is generally a mass production 
technique, it adds little to the cost of the 
process, but contributes much to the 
soundness of the weld. 

Brazing 

Steel, Furnace Brazed with Copper .— 
Furnace brazing with copper for aircraft 
production parallels practices in use in 
other industries for carbon and low-alloy 
steels, although stringent quality require¬ 
ments and emphasis on strength necessi¬ 
tate the following additional considera¬ 
tions : 

1. Cleaning. Scale, paint and other 
foreign matter must, of course, be re¬ 
moved. Following this, cleaning with 
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solvent is desirable to remove all re¬ 
maining traces of surface contaminants. 
Foreign matter, although small in quan¬ 
tity, may cause imperfections not other¬ 
wise undesirable but unsuitable for air¬ 
craft. Trichloroethylene va )or degreas¬ 
ing solvent appears best alt lough satis¬ 
factory results are reported with pe¬ 
troleum solvents and alkaline-type 
cleaners. 

2. Soaking Periods vs. Mechanical 
Properties. From an economy stand¬ 
point, the time in the heating chamber 
of the brazing furnace (soaking period) 
should be reduced to a minimum. The 
longer parts remain in the heating 
chamber, the lower the total brazing 
capacity of the furnace. 

In addition, for the same cooling 
rate, the tensile and yield properties in 
the as-brazed condition developed after 
heating to 2100°F. decrease as the time 
at that temperature increases. Simul¬ 
taneously elongation and reduction of 
area increase. These changes result 
partly from decarburization and partly 
from change in the grain size, although 
the first cause is more prominent. In 
actual design and production, increased 
grain size and the resulting reduction 
of impact values, as measured by a 
notched specimen such as the Charpy, 
are of relatively small significance. 
Few as-brazed aircraft parts are sub¬ 
ject to impact, these being confined 
mainly to gun or bomb equipment. 
Aircraft applications subject to impact 
are usually accompanied by high loads 
and, consequently, hardening by heat 
treatment subsequent to brazing is re¬ 
quired. The hardening treatment au¬ 
tomatically refines the grain and in¬ 
creases the resistance to impact. 

2. Decarburization. Unlike the braz¬ 
ing of low-carbon steel parts in which 
carbon content is relatively unimpor¬ 
tant. the loss of carbon from low-alloy 
steels (eg., SAE 4130) in the copper 
furnace brazing heating cycle destroys 
the hardening properties on the surface 
of the material. In thin gage material 
or thin wall tube, this may result in 
appreciable loss. Where the water and 
carbon dioxide content of the furnace 
atmosphere are not controlled, decar¬ 
burization to a depth of 0.020 in. can 
readily result. Tn a 0.060-in. wall tube, 
for example, the total decarburization 
woukl amount to 0.040 inch. Assuming 
the tube to be heat-treated to 160.000 
psi. and using 45.000 psi. as the strength 
of the decarburized area, the strength 
loss is about 48%. Decarburization 
limits of 0.005 to 0.010 in. are desir¬ 
able, so that the resulting strength loss 


will not exceed that occasioned by 
normal heat-treating practice. This 
can be accomplished by control of wa¬ 
ter and carbon dioxide in the atmos¬ 
phere generating system, the plugging 
of leaks in the furnace, adjustment of 
the flame curtains at the furnace load¬ 
ing openings and by continuous 24-hr. 
operation. 

4. Fluxing. Steels with large quan- 
. tities of alloying constituents, such as 

corrosion-resistant steel (18-8), require 
the use of flux to accomplish a satisfac¬ 
tory bond. 

5. Jigging. Self jigging, to prevent 
shifting of the parts during brazing is 
generally practiced. Staking, spot 
welding, pinning or tack welding are 
the methods commonly employed. 

Steel, Silver Alloy Filler Metal .—Four 
brazing processes are used with silver 
brazing alloys in aircraft production. 
They are torch, induction, furnace and 
resistance (incandescent carbon) brazing, 
probably of importance in the order named. 

1. Cleaning, Fluxing and Addition of 
Filler M»?tal. Scale, oxides, paint and 
grease must be removed from the 
parts and filler metal prior to brazing. 
Both the parts and filler metal are 
fluxed. For torch brazing, temperature 
is judged by color and flux melting, 
and the filler metal is applied as needed 
for complete penetration of the joint 
and the formation of fillets. For all 
other processes, the parts are fluxed 
and wire or strips of alloy are pre¬ 
placed before brazing. After brazing 
the parts are defluxed as soon as possi¬ 
ble, usually with hot wtaer. 

2. Jigging. Parts joined by torch, 
induction or furnace brazing usually re¬ 
quire jigging. The jig must be made 
of materials adequate to withstand any 
heat which may be encountered, and 
if it is to be exposed to the magnetic 
field of the induction machine, should 
be of non-magnetic materials. The jiff 
must be designed so that the parts are 
in a suitable position for gravity to 
assist and equalize the flow of the braz¬ 
ing alloy to all parts of the joint. Too 
rigid jigging, which restricts expan¬ 
sion and contraction of the parts, may 
result in a poor bond. 

Tn resistance brazing hardened elec¬ 
trical connectors, special fixtures to 
prevent overheating and annealing t c 
entire connector must be used. 

Aluminum. —Torch, furnace and dip braz¬ 
ing are used. , . f ... , 

1. Cleaning, Fluxing and Addition of 

Filler Metal. Parts should be free 
from grease, paint, dirt, heavy ox,(le ^ 
etc. Flux should be applied directly to 
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the joint, and, for torch brazing, to the 
filler metal. The filler metal for fur¬ 
nace or dip brazing must be preplaced. 

2. Jigging. Jigs may be used to hold 
the parts for both torch and furnace 
brazing. Self jigging is generally used 
for dip brazing and has application for 
other heating methods as well. 

Soft Soldering 

Soldering performed on aircraft elec¬ 
trical systems must be done with a rosin- 
type flux to avoid the possibility of sub¬ 
sequent corrosion. Usually an electric 
iron is the source of heat, although oc¬ 
casionally torch or carbon resistance heat¬ 
ing is employed. 

Soldering for other applications is gen¬ 
erally done with the aid of an acid-type 
or a zinc-ammonium-chloride flux and a 
gas torch. Care must be exercised in 
manipulating the torch te> avoid over¬ 
heating the parts. Most parts are pre¬ 
tinned prior to soldering with the aid of 
small electric solder pots. Defluxing with 
a mild caustic solution is recommended 
after soldering is completed, when an 
acid-type flux has been used. 

QUALITY CONTROL 

Arc and Gas Welding 

Welder Certifications.* —The welder us¬ 
ing any of the arc- or gas-welding proc¬ 
esses must pass a certification test before 
he is permitted to weld production parts. 
He is retested every six months, or 
oftener if there is doubt of his ability. 

For the purpose of the tests the alloys 
used in aircraft are divided arbitrarily 
into five groups, as follows: 

Group I—Carbon and Alloy Steels 

Group II—Corrosion-Resistant Steels 
Group III—Copper and Nickel Alloys 
Group IV—Aluminum Alloys 
Group V—Magnesium Alloys 

In the case of Group I. there is an addi¬ 
tional breakdown into Classes A and B. 
Class IA welders arc permitted to weld 
any parts within Group I ; Class IB 
welders are limited to non-structural 
welding. 

The test consists of the joints shown in 
Fig. 27 and the requirements shown in 
Tables 11 and 12. 

Procedure Control. —The following fac¬ 
tors arc important to proper control of 
the welding procedures : 

See Specification AN-T-38. 


1. Design. Good design is important 
both for quality and production. Fre¬ 
quently it is necessary to correct design 
for the general improvement of one or 
the other factor as decided by the weld¬ 
ing engineer, who should be consulted 
on all design matters. 

2. Fit-up. Good fit-up is very im¬ 
portant if good welding is to be ob¬ 
tained. This phase is controlled jointly 
by the welder (who will be blamed 
for poor welding) and the welding 
engineer (who should control design 
and shop practice). 

3. Welding Sequences. Complicated 
parts sometimes require specially de¬ 
veloped welding sequences in order to 
ensure good quality. These sequences 
are written up as welding procedures 
by the welding engineer, and should be 
followed by the shop personnel. 

4. Welder Identification. Each 
welder is issued an identification 
stamp to use on his work. Records are 
required (by specification) showing the 
relative proficiency' of each welder. 
It is left to the individual contractor to 
determine the form of such records. 
Their purpose is to aid in improving 
quality through corrective educational 
action, or stronger action if necessary. 

Inspection of Weldments. —The follow¬ 
ing inspection methods, which are dis¬ 
cussed in detail in Chapter 42. Inspection, 
are applicable to aircraft fabrication : 

1. Magnetic Inspection. Weldments 
made from magnetic materials such as 
carbon and low-alloy steels may bt 
examined by magnetic particle inspec¬ 
tion. This inspection must be per¬ 
formed by certified personnel on ap¬ 
proved equipment, in accordance with 
Specifications AN-I-32 and AN-I-39. 

2. Fluorescent Penetrants. Another 
inspection method, independent of mag¬ 
netism but dependent upon the defect 
extending to the surface, utilizes a 
fluorescent penetrant which soaks into 
the defect. When the part is later 
inspected under black light, the defect, 
if present, is outlined by the fluorescent 
material. This process is governed by 
Specification AN-I-30. 

3. Radiographic Inspection. This 
inspection method is applicable to any 
of the alloys used in weldments for 
aircraft. Its limitations arc caused by 
the shape of the weldment, sometimes 
making it difficult to get a sharp pic¬ 
ture. This inspection method is gov¬ 
erned by Specifications AN-I-26 and 
AN-X-2. 

4. Visual Inspection .—Welds on air¬ 
craft parts are required always to pre- 
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Table 11—Tests Required for Aircraft Welder Certification 



Group 

Original 

Semi-Annual 

IA 


Joint 2, Horizontal, Overhead 
Joint 2, Vertical, Overhead 

Joint 3, Bench 0 

Joint 4, Bench" 

Joint 4, Bench* 

IB 


Joint 1, Bench" 

Joint 2, Horizontal, Bench 

Joint 2, Vertical, Bench 

Joint 2, Horizontal, Overhead 
Joint 2, Vertical, Overhead 

Joint 2, Vertical, Overhead 

Joint 2, Horizontal, Overhead 

II. 

III, IV or V 

Joint 5, Thick, Bench" 

Joint 5, Thin, Bench" 

Joint 6, Bench" 

Joint 7, Bench" 

Joint 5, Thick, Bench" 

Joint 5, Thin, Bench" 


" Positioned to suit the welder. 


.sent a workmanlike appearance equal 
to that which would be acceptable for 
welder qualification tests. 

5. Physical Tests. Tanks, exhaust 
stacks and air ducts are frequently in¬ 
spected by application of internal air 
pressure and immersion in water Cor 
covering with a bubble solution) for 
the detection of leaks. Important parts 
are sometimes proof tested in tension, 
compression or bending. 


Flash Welding 

Equipment Qualification .—Details for 
qualifying flash-welding machines and cer¬ 
tifying setting* are prescribed in Specifi¬ 
cation AN-W-31. Briefly, the tests for 
new equipment include 15 welds each for 
the greatest, least and one intermediate 
section to demonstrate the consistency of 
operation of the equipment. The welded 


Table 12—Minimum Requirements for Aircraft Welder Certification 


Joint No. 


Requirements 


1. Butt joint in plate 


2. Butt joint in tubing 


3 Vertical billet Weld 


4. Cluster 

5. Butt joint in sheet 


0. Tee Joint in Sheet 

7. Simulated difficult production part 


Appearance: Little warpage, sound welds 
Strength as-welded; tension, psi.r 

Carbon Content of Carbon Steel 

Filler Metal, % Base Metal 


0.06 and below 
0.07 to 0.12 
over 0.12 


45,000 

50,000 

55,000° 


Appearance: Sound weld, total weld bead 
than twice tube wall. 

Strength as-welded, tension: 

Carbon steel—50,000 psi. 

Alloy steel— 80,000 psi. 

Appearance: Fillet size, legs to be in- 
weld, 100% weld root penetration. 


Alloy Steel 
Base Metal 

55,000 

65,000 

70,000° 

thickness not more 


maximum. Sound 


Strength as-welded, tension: 

Carbon steel —10,000 lb./linear inch 

Alloy steel— 15,000 lb./linear inch ^ 

Appearance (external and etched section): Sound weld, 15 /c 
minimum penetration into plate, complete root penetration. 


High ductility base metal: #h 

Bend through 180 deg around a diameter equal to twice 
sheet thickness; total length of all cracks must be less 
Vie in. 

Low ductility base metal: 

Radiographs to show sound metal. 

Tension tests to show sound metal. 

External appearance and section and etch: Sound weld, sa 
factory penetration, little warpage. 

External appearance: Good. 

Section and etch: Sound weld, good penetration._ 


° Required for alloy steel filler metal. . . „„ nptrat ion exces- 

Note: Soundness of a weld is judged by freedom from defects such as poor root p. cracks and 
sive burn-through, poor shape of weld bead, undercutting, overlapping, slag inciusio , 
porosity. 
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specimens are tested to destruction in 
tension or bending. Graphs must be pre¬ 
pared to aid in establishing other inter¬ 
mediate settings. 

Procedure Certification .—For settings 
not previously certified, the test consists 
of five welds. However, should any of 


final condition of the test specimens being 
equal to or nominally stronger than the 
parts they represent. If whole welds are 
tested, each must equal or exceed 95% of 
base metal strength. Welds too large to 
be tested are cut into strips and all strips 
tested. The average strength of the 



the five fail, 15 welds are then necessary 
to qualify the setting. These welds are 
tested to destruction by bending or in 
tension. 

Specimen Preparation .—The test speci¬ 
mens consist of simulated or actual pro¬ 
duction parts. All joints must be normal¬ 
ized or heat treated prior to testing, the 


strips must be 95% or more of the base 
metal and no single strip must drop 
below 80% except that occurrence of a 
single test value not lower than 60% 
is acceptable provided the previous history 
of tests for the particular setting involved 
indicates no frequency of occurrence of 
this low value greater than 1%. No de- 
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fects commonly associated with faulty 
welding can be present in acceptable test 
specimens. 

Quality Standards .—No visible defect, 
such as cracks, inclusions, die burns or 
porosity, is acceptable on a production 
part. Misalignment of the thickness at 
the plane of the weld of sheet or tubing 
cannot exceed 0.008 in. or 10% (up to 
0.030 in.) whichever is larger. For bars, 
5% of the diameter is the limit. Angular 
misalignment must not exceed 0.010 in. 
per inch of length up to a maximum of 
0.030 inch. 

Production Quality Control .—All pro¬ 
duction parts and tests representing such 
parts must be welded in accordance with 
a certified procedure. Fach time the ma¬ 
chine is set up for a production run, 
three or more welds arc made and tested 
to destruction. (Where 100% proof test¬ 
ing of production parts is practiced, de¬ 
structive testing of large sections may be 
waived.) This test must demonstrate 
that the machine is functioning satisfac¬ 
torily before production welding is started. 

Inspection of Finished Parts. —Inspec¬ 
tion methods used include magnetic par¬ 
ticle inspection, physical testing and ra¬ 
diography. Magnetic inspection must be 
used with caution, since the change in 
hardness (and permeability) and a change 
in section give rise to indications of de¬ 
fects which do not exist. Radiography is 
difficult to apply, and not extensively used. 

Two types of physical tests are used. 
First is the destructive testing of cou¬ 
pons representing each lot of parts (or 
the destructive testing of parts). Second 
is the proof testing of welds to a value 
just below their yield strength (67% or 
more of ultimate), applied to a percent¬ 
age of the parts, varying from a few to 
all in a lol. Records of the results of 
the physical tests are kept, and if no re¬ 
jections are experienced, they are some¬ 
times discontinued. All parts are checked 
for proper dimensions, external welding 
defects such as die burns, proper upset 
appearance and proper flash removal, 
straightness and alignment of the weld. 

Pressure Gas Welding 

Procedure Certification .—Inasmuch as 
the final goal is a weld just as strong as 
unwelded material, emphasis is placed on 
the development of proper machine set¬ 
tings. For every weld size that is to be 


made, a set of metallurgical and bend 
specimens is prepared. The purpose of 
metallurgical specimens is to evaluate the 
quality of welds by microscopic examina¬ 
tion. The trial specimens are welded ac¬ 
cording to empirical data and sectioned 
to determine metallurgical characteristics 
which can be interpreted in terms of 
possible physical properties. The various 
points determined by the examination are 
the depth of fissure, if present, and the 
amount the fissure propagates in heat 
treatment, depth and intensity of oxygen 
rich areas, amount of melting of outside 
diameter, depth of intergranular penetra¬ 
tion, and the amount of belling or flar¬ 
ing of the tube outward at the weld. 

If, after metallurgical examination, ap¬ 
proval of the weld is secured, full-size, 
static bend test specimens are welded 
under the same conditions as was the 
approved metallurgical specimen. Heat 
treatment by normalizing, quenching and 
drawing to 180,000 to 220,000 psi., plus 
machining in the same manner as used 
for the actual structural part, follows. 

The welds are then statically bend 
tested and evaluated. Results of the bend 
tests govern whether or not the finished 
parts can be welded using the same ma¬ 
chine settings as were used for the bend 
specimens. 

Inspection .—Inspection of finished parts 
is accomplished visually and by magnetic 
particle analysis, mechanical tests or ra¬ 
diography as applicable. 

Projection, Spot and Seam Welding 

General .—Aluminum and magnesium 
spot and seam welding quality control 
procedures and requirements are to be 
found in detail in Specification AN-W-30. 
Similar information for nickel alloys and 
steels. is to be found in Specification 
AN-W-32. These specifications provide 
for qualification tests on equipment, cer¬ 
tification tests for welding procedures and 
finally stipulate minimum quality require¬ 
ments which are sufficiently rigid to en¬ 
sure the adequate serviceability of a part 
if it is properly designed. Surveys con¬ 
ducted by radiographic means on air¬ 
craft production parts in aluminum alloys 
showed that few of these contained spot 
welds which were entirely free from 
defects. However, aircraft spot welding 
is at all times maintained at the highest 
quality level the design of the parts and 
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the shop handling procedure will permit, 
consequently very few service failures 
have been experienced. 

Spot Weld Strength Requirements .— 
Table 7 lists the maximum permissible 
design strength (lb. shear) for spot welds. 
In order to avoid any likelihood of weld 
failures, the Government specifications 
require spot weld quality in aluminum and 
magnesium alloys to be maintained at 1.25 
times the specified values of Table 7. To 
accomplish this the average strength based 
on a sample size of three must be not 
less than 1.56 times, and, based on a 
sample size of twenty, 1.66 times the re¬ 
spective applicable values in Table 7. 
Complete tables giving the detailed 
strength requirements are to be found 
in the Government specifications previ¬ 
ously mentioned. 

Procedure Certification .—In the case of 
projection, spot and seam welding, great 
emphasis is placed on the establishment 
of reliable settings for each particular 
joint and each particular machine. De¬ 
tails of the procedures for this purpose 
are found in the Government specifica¬ 
tions. Both shear and macrosection 
specimens are required for spot welding; 
seam welding is frequently checked uti¬ 
lizing pressure coupons; projection weld¬ 
ing is checked by destructive tests and 
macrosections on production parts or cou¬ 
pons. These tests must indicate adequate 
strength and relative freedom from ob¬ 
jectionable defects. Test coupons fre¬ 
quently used are shown in Fig. 28. Rec¬ 
ords of all tests must be maintained. 

Production Routine Testing. —Routine 
tests during the course of production, but 
not so detailed as those used for setting 
certification, are employed to demon¬ 
strate that the level of quality of the 
production parts is adequate. If an ap¬ 
proved form of statistical control is util¬ 
ized, the amount of testing may be re¬ 
duced to a minimum. Complete records 
of these tests must be maintained. (See 
Chapter 44 for further information on 
statistical control.) 

Inspection of Weldments. —The com¬ 
pleted weldments are inspected visually 
for workmanship. Joints which are im¬ 
portant from a safety standpoint may be 
checked radiographically. To be accept¬ 
able the assembly must be of the highest 
quality possible, consistent with the de¬ 
sign and service requirements for the part. 
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An excellent discussion of radiography 
as applied to spot welds will be found 
in some of the articles listed in the bibli¬ 
ography. 

Maintenance of Equipment .—Probably 
equally important with workmanship in 
its contribution to consistent quality is 
proper maintenance of the equipment. All 
relays and contactors need to be kept in 
first-class condition. The cooling sys¬ 
tem must be kept clear of obstructions 
so that the coolant may flow freely 
through it. All connections in the sec¬ 
ondary circuit must be kept tightly bolted 
and polished at regular intervals with 
abrasive cloth. Air cylinders must be 
provided with constant lubrication and 
all other moving parts must be lubricated 
at regular intervals. 

For the complex machines used to weld 
aluminum or magnesium, a recording 
oscillograph with several channels and 
the auxiliary equipment for recording, 
simultaneously, electrode force and cur¬ 
rent is an almost indispensable tool. With 
the aid of such a device, trouble is quickly 
located and after repairs are made, the 
dial readings can be adjusted so that 
previously established settings are still 
valid. 

A discussion of equipment of this kind 
and its use will be found in some of the 
articles listed in the bibliography. 

Brazing 

Operator Qualificaton .—In torch or in¬ 
duction brazing, operator skill can defin¬ 
itely influence the strength of the joint. 
Consequently, in many cases an operator 
certification test is required. Frequently 
this test consists of brazing specimens of 
the plug and ring type which are tested 
to determine the tensile strength of the 
joint and examined for areas not brazed. 

Procedure Control .—The best assur¬ 
ance of a good bond is the rigid adher¬ 
ence to the design requirements and the 
procedures previously specified. 


A well-trained operator who carefully 
follows a proper procedure will nearly 
always produce a sound joint. 

Inspection Methods. —Formerly, inspec¬ 
tion requirements specified that 100% 
bond be secured in copper furnace brazed 
aircraft parts. Macrosections were made 
of one or more parts representative of the 
lot. In this examination, “joints not 
completely filled with brazing material; 
dirt or flux at the joints; or excessively 
wide gaps in the joints” were causes for 
rejection. While such a requirement was, 
of course, subject to liberal interpretation, 
the concept of perfect bond did not recog¬ 
nize the variations which exist in a 
production-type process. Current inspec¬ 
tion techniques are based on three con¬ 
siderations : 

1. Where possible, the brazing alloy 
is placed at one end of the joint and 
allowed to flow through to the opposite 
end. This method not only prevents 
the entrapment of gas on the interior 
of the part, but permits visual examina¬ 
tion for a fillet at the opposite end of 
the part to indicate complete copper 
penetration. 

2. Visual examination is made for 
a bond complete at all edges and re¬ 
cessed not more than 15 to 20% of the 
joint width. 

3. Where visual inspection indicates 
questionable joints, non-destructive or 
destructive tests of representative sam¬ 
ples are made to demonstrate that the 
defective areas of the joints do not 
exceed 15 to 20% of the total area re¬ 
quired to be bonded. 

The above technique and quality stand¬ 
ards, while providing a high quality level, 
permit small variations inherent with 
brazing. The presence of a safety factor 
of 1.6 between the minimum strength ex¬ 
pected in a perfect bond (25,000 psi. or 
above) and the allowable design strength 
(15,000 psi.) amply provides for strength 
loss sustained by the presence of any 
defects. 
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CHAPTER 56 


TRANSMISSION PIPE LINES* 


INTRODUCTION 

Extent of Application 

Welded steel pipe lines for transport¬ 
ing oil, gasoline and gas, literally criss¬ 
cross this country, many lines being oyer 
a thousand miles in length. Some lines arc 
now being constructed, and others pro¬ 
jected, which are over 1500 miles long. 
Many of these are in sizes undreamed of 
only a few years ago. 

Welded steel pipe is used extensively 
for domestic water supply and distribu¬ 
tion lines by municipalities, for transport¬ 
ing irrigation water and for penstocks 
for hydroelectric power development. 
These water pipe lines are not as long 
as the oil, gasoline and gas lines, but 
many of them are much heavier. For 
instance the Hoover Dam Penstocks are 
30 ft. in diam. and have a wall thickness 
up to 2 a /< inches. 

This chapter covers the fabrication and 
field welding of transmission pipe lines of 
all sizes for gasoline, oil. gas, water and 
of pipe for penstocks. The first part of 
the chapter covers pipe lines for gaso¬ 
line, oil and gas. The last part of the 
chapter covers pipe lines for water and 
penstocks for power development. 

A. OIL, GASOLINE AND GAS 

PIPE LINES 

General 

Steel pipe suitable for welding is usu¬ 
ally used for long transmission lines for 
either oil, gasoline or gas purchased under 
API or A STM specifications. The only 
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limitation usually is that the carbon con¬ 
tent not exceed 0.35%. Seamless steel 
pipe is used extensively for all pressures 
and services. Commercially manufactured 
lap-welded pipe is used for relatively 
smaller sizes and pressures. Seam 
welded, flash-welded, electric-fusion 
welded, either manual or automatic, and 
automatic submerged arc fabricated pipe 
are also extensively used for all services 
and operating pressures. Until a few 
years ago the usual sizes employed and 
welded for transmission purposes was up 
to 16-in. O.D. for oil and gasoline trans¬ 
portation lines, and up to 26-in. O.D. for 
gas, the largest commercial sizes availa¬ 
ble in large quantities. In the last few 
years, oil lines 30 and 31-in. O.D. have 
been built and others proposed in sizes 
up to 36-in. outside diameter. Likewise 
for gas transmission over long distances, 
sizes of 30 and 31-in. O.D. have been 
built and many others are being planned 
up to 36-in. outside diameter. These large 
sizes have been fabricated in mass pro¬ 
duction by automatic submerged are weld¬ 
ing. 

The field welding and joining of these 
transportation lines is practically ex¬ 
clusively done by arc and gas welding; 
chiefly by manual arc welding. Oxy- 
acetylene welding is used to some extent 
in the field on short lines and smaller di¬ 
ameters of pipe. On large diameter pipe 
the present trend is to double lengthen 
the very large sizes at the pipe manufac¬ 
turing or fabricating plant and ship the 
double lengths by freight or truck to the 
right of way. In other cases the pipe is 
assembled in double and even triple lengths 
by welding at predetermined unloading 
and distribution points and these longer 
sections trucked along the right-of way. 
This cuts the number of field welds at 
least in half. For this field welding, spe¬ 
cial aligning equipment and machine weld¬ 
ing are employed. Submerged arc weld¬ 
ing is commonly used. 
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GOVERNING CODES AND SPECI¬ 
FICATIONS 

All steel pipe may be purchased under 
existing API or ASTM specifications. 
However, the quantities of materials in¬ 
volved are so enormous that as a rule, 
special arrangements are made and speci¬ 
fications drawn up between the pipe line 
company or user and the pipe manufac¬ 
turer. The same is true in regard to codes 
or specifications covering the field erec¬ 
tion and welding. The conditions vary so 
greatly in regard to terrain, size, length, 
operating conditions, etc., and the magni¬ 
tude of the job is so enormous that as 
a rule special arrangements are made and 
specifications drawn up between the pipe 
line company and the contractor install¬ 
ing the lines. These may be general in 
nature or may cover a host of details 
down to the specific provisions for quali¬ 
fication and check of all welding opera¬ 
tions even to the interpretations of 
gamma-ray inspection which in recent 
years has begun to be applied in the field 
to the largest of the pipe lines. 

About the only important nationally 
known code or specification that is gener¬ 
ally followed in this field is the ASA 
Code for Pressure Piping. This Code has 
two sections applying to transportation 
lines, one on Oil Piping Systems and an¬ 
other on Gas and Air Piping Systems. 
The latter section specifically covers high- 
pressure. cross-country transportation sys¬ 
tems. It is one of the most liberal yet 
sound codes written and has given im¬ 
petus to economical fabrication of ex¬ 
tremely long gas transmission systems. 

Up to 1927, with lap-welded pipe and 
even with seamless, a maximum design 
working stress of about 12.000 psi. was 
considered good engineering practice. 
\\ ith the use of field welding, the advent 
of high quality electric-welded pipe and 
high strength materials for both welded 
and seamless pipe, very much higher de¬ 
sign working stresses have become com¬ 
mon practice. Large diameter, high 
quality electric-welded pipe is now availa¬ 
ble having the following properties : 


Avg. Min. 

Transverse yield point, psi. 61,000 52,000 

Transverse ultimate tensile 
strength, psi. 86,000 72,000 

Joint efficiency, % ... 100 


As a result of volume production of 
large diameter steel pipe having the above 


strength and based on experience gained 
in the use of pipe fabricated from plates 
by electric welding, the Code for Pressure 
Piping now permits a working stress in 
rural territory equal to 72% of the speci¬ 
fied or demonstrated yield strength. 
Stresses as high as 39.500 psi. have been 
employed under this Code, corresponding 
to a minimum specified yield strength of 
55.000 psi. Thus the working stresses 
customarily used in pipe-line design have 
trebled in the past 20 years and it has 
extended the economical feasible range of 
gas transmission from about 200 miles to 
over 1300 miles now employed. 

MATERIALS 

Materials for Oil and Gasoline Pipe 

Pipe for oil and gasoline is generally of 
standard size and standard steel pipe 
analyses are commonly employed. Such 
pipes are covered by ASTM Specifica¬ 
tions A53 Welded and Seamless Steel 
Pipe and A106 Seamless Carbon-Steel 
Pipe for High Temperature Service. For 
some service conditions, it may be neces¬ 
sary and desirable to use high-strength 
piping, in which case the increased 
strength is achieved through increasing 
the carbon or alloy content of the steel. 
Such pipe analyses may create difficulties 
in welding if the carbon content exceeds 
0.35% or if the extent of alloys present 
produces a hardenable steel. In general, 
hardenable steels will require the use of 
pre- and postheating and special filler 
metal. 

Recently there have been experimental 
applications of aluminum pipe for particu¬ 
larly corrosive conditions. Of the many 
analyses of wrought aluminum available, 
only those usually designated as 2S, 3S, 
52S and 61S are considered as being suita¬ 
ble for welded pipe lines. Welding of 
these materials is generally accomplished 
by inert-gas metal-arc welding. (See 
Chapter 32 for further information on 

welding aluminum.) 

Filler metal for shielded metal-arc weld¬ 
ing low-carbon steel pipe lines should con¬ 
form to Specifications for Mild Steel Arc- 
Welding Electrodes (ASTM Designation 
A233; AWS Designation A5.1). Any of 

the K60XX classifications of electrode* 
are satisfactory although there is a strong 
preference for the E6010 classification. 
High-strength piping requires weld metai 
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of equivalent strength; electrodes for these 
materials are covered by Specifications 
for Low-Alloy Steel Arc-Welding Elec¬ 
trodes (ASTM Designation A316; AWS 
Designation A5.5). The E7010, E7011, 
E8010 and E8011 classifications of elec¬ 
trodes have been used; however, for those 
steels which exhibit hardenability, the 
E6015 or E6016 classifications (or higher 
strength classifications of these types) 
may be used. Electrodes of these types, 
known as low-hydrogen electrodes, mini¬ 
mize the tendency to underbead cracking 
and reduce the necessity for, and amount 
of, preheating required. 

For oxy-acetylene welding the welding 
rods should conform to the standard 
Specifications for Iron and Steel Gas 
Welding Rods (ASTM Designation 
A251; AWS Designation AS.2). Classi¬ 
fication GA60 is recommended for all 
standard, low-carbon steel pipe; where 
higher strength welds are needed, rods of 
classification GA65 may be used. 

The welding of aluminum piping by the 
inert-gas metal-arc process will require 
welding rods of the same types used in 
gas welding. However, no standard speci¬ 
fication exists for this type of filler metal. 
For the welding of 2S and 3S, aluminum 
welding rods of the 2S composition are 
recommended; for the 52S and 61S alloys, 
rods of the 43S analysis are used. 

When backing rings are used in weld¬ 
ing piping it is important to insure that 
they are of weldable quality. The rings 
need not be of alloy composition even if 
alloy pipe is employed. 

Materials foi* Gas Pipe 

Gas transmission service normally re¬ 
quires use of the larger sizes of pipe in 
the standard range. However, the in¬ 
creased demand for natural gas has 
created a need for even larger pipe and 
this is being fabricated by welding. Since 
standard-weight pipe satisfies part of the 
demand, the same specifications apply in 
this field as for gasoline and oil pipe. For 
large-size pipe, it is important to consider 
any means for saving steel and the use 
of high-strength, light-wall pipe is quite 
common for the larger transmission pipe 
lines. The increase in strength is achieved 
by increasing the carbon content or 
through the addition of alloying elements. 

The selection of filler metal for the 
welding of these pipes is on the same basis 


as for oil and gasoline lines. The mild 
steel analyses are welded with the E60XX 
electrodes, (Specifications A233) while 
the low-alloy steels are welded with 
the higher strength electrodes covered by 
Specifications A316. Again where steels 
which exhibit hardenability must be 
welded, it is suggested that the low-hy¬ 
drogen types of electrodes (XX15 and 
XX16 classifications) be employed. Filler 
metal for gas welding will, of course, be 
governed by Specification A251 on the 
same basis as for oil and gasoline pipe. 

Since the principal difference between 
oil and gasoline pipe and gas pipe is in the 
size and since the method of manufactur¬ 
ing the larger sizes needed for this work 
is unique, a description is provided here. 
These large diameters of gas pipes are 
fabricated by welding cyindrical sections 
formed from flat plate. Fundamentally, 
this is not a new technique; however, the 
special procedures employed establish this 
as a new pipe-line technique. Thirty-inch 
O.D. pipe is a typical size used for gas 
service and a description of its manufac¬ 
ture will provide an understanding of this 
new method. 

The operations start with steel plates 
30 ft. long, about 92 in. wide and of a 
thickness appropriate for the operating 
pressure. After flattening and trimming 
to size these plates are grit blasted along 
the edges. Following this, the edges are 
prepared for welding and the plates are 
rolled into cylindrical shape, 30 ft. long. 
The next step is the welding of the longi¬ 
tudinal seam by the submerged arc proc¬ 
ess. In performing this operation the 
cylinders are continuously fed, end to end, 
through a welding machine. The welds 
are backed up inside by water-cooled cop¬ 
per backing bars. After welding the pipe, 
which is somewhat less than 30 in. in 
diam., it is placed in dies and subjected 
to internal hydrostatic pressure which 
expands it to exactly 30 in. outside di¬ 
ameter. This operation serves to increase 
the yield strength of the pipe and at the 
same time insures uniform roundness and 
straightness ; it also provides a hydrostatic 
test of the welded joint. Finally, after 
facing the ends, two 30-ft. sections are 
welded together by submerged arc welding 
to provide 60-ft. lengths which are shipped 
to the field. Pipe manufactured by this 
method has been used on the natural gas 
line from Texas to California. 
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DESIGN 

It has been shown that the principal dif¬ 
ference between oil and gasoline pipe and 
gas pipe is a matter of the range of sizes. 
In general, pipe for the transmission of 
gasoline and oil will be smaller in size 
than pipe employed to convey natural 
gas. Further, the range of pipe wall 
thicknesses is substantially the same for 
both classes of service. Therefore, in 
considering the design of joints for welded 
transmission pipe lines, it is logical to 
treat these two groups as one. 

The physical dimensions of pipe lines 
are governed by the operating conditions; 
thus the required flow through the line 
will dictate the size of pipe needed. The 
thickness of the pipe wall is largely 
governed by operating pressure, but may 
be further influenced by corrosive condi¬ 
tions (both external and internal) and in 
some cases it may be necessary to use a 
protective coating or cathodic protection 
or increase the wall thickness bevond that 

•r 

dictated purely by strength considerations. 
Since virtually all transmission pipe lines 
are buried underground, it is not necessary 
to consider stresses which are essentially 
of a structural nature, which occur when 
a pipe line is carried above ground. Simi¬ 
larly, expansion and contraction do not 
present the problems encountered in over¬ 
head steam piping, for example. With 
the pipe buried at appreciable depths, 
generally below the frost line, and with 
the continuous passage of fluid thfough 
the pipe, it may be considered to be operat¬ 
ing at essentially constant temperature. 
If temperature changes are involved, they 
are relatively small in magnitude and of 
such a protracted nature as not to cause 
any serious stresses. In addition, the 
methods of installing pipe in the trench, 
under compression, tend to reduce the 
opportunities for imposing direct tension 
stresses on the line. In fact the stresses 
induced by the usual operations incident 
to pipe-line construction will be of greater 
magnitude, and more likely to cause fail¬ 
ure, than those encountered in service. 

Since the fundamental design considera¬ 
tions are the same whether the pipe line is 
installed with mechanical or welded joints, 
it follows that the welding design prob¬ 
lems are concerned principally with joint 
designs. As compared with other welding 
operations, welded pipe joints create an¬ 
other problem in that they are accessible 


from only the outside, since diameters are 
normally too small to permit welding 
from the inside. Reference to Chapter 39 
will disclose that joints welded in this 
manner are difficult to make with complete 
penetration and secure optimum strengths. 

Through the years many attempts have 
been made to develop joint designs which 
would provide the assurance of strength 
and soundness. Among the early designs 
were adaptations of the bell and spigot 
joint long familiar in cast-iron pipe prac¬ 
tice. However, the weld used in this joint 
is a fillet weld and the joint strength is 
inferior to that obtained with a butt weld. 
Another early type was the double bell 
joint with an internal liner or backing 
ring. This backing ring was of the same 
dimensions as the pipe and the ends of 
the pipe were belled sufficiently to accept 
this ring. This joint type has not survived 
because it is costly to prepare the pipe 
ends and provide the ring, and because of 
t lie difficulty of inserting off-standard 
lengths in a line in the field, since no 
means are available for providing the 
belled ends in the field. 

Thus it will be seen that the single-Vee 
groove butt joint, without or with a back¬ 
ing ring, has proved to be the most satis¬ 
factory and economical joint design for 
welded pipe lines. The beveling of the 
pipe ends is readily performed in the pipe 
mill, shop or in the field. In the mill or 
shop a pipe lathe is commonly used 


whereas in the field a machine oxygen¬ 
cutting torch (commonly called a pipe¬ 
beveling machine) is more practical. 
Manual oxygen cutting, while frequently 
employed, does not yield as clean nor as 
accurate a cut as machine cutting. The 
standard mill bevel angle currently availa¬ 
ble is 37 1 /« deg.; this is a compromise be¬ 
tween the older bevel angle of 45 deg. and 
the newer angle of 30 degrees. Generally, 
a root face of Vie in. is provided. This 
joint, preparation is acceptable for pipe 
thicknesses up to 3 1* inch. The single-U 
groove butt joint should be used for 
leavier pipe. (See Chapter 39.) 

The use of backing rings is largely con- 
rolled by the service requirements and 
dv maintenance procedures. If it is es . 
;ential that complete fusion to the root ot 
he joint be assured, without protrusions 
(icicles) within the pipe bore, then t ie 
ise of backing rings is indicated. Ho - 
■ver, if go-devil, internal pipe cleamng 
ievices are to be employed, as in oil 
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then backing rings cannot be tolerated. 
These rings constitute an obstruction in 
the pipe and, therefore, reduce the cross- 
sectional area. They also add to the cost 
of making the joint. The current pipe¬ 
line practice of depositing (with a com¬ 
petent welder) a root bead using Vs-in. 
diam. electrodes of classification E6010 
will produce thoroughly reliable joints 
through which cleaning devices may pass 
freely. 

The design of backing rings, if used, is 
of the utmost importance. Recent test 
work indicates that a ring having a flat 
surface or provided with a shallow groove 
is most satisfactory. Formerly, rings 
equipped with either continuous ridges or 
intermittent, short segmental ridges, were 
considered desirable. It was assumed 
that such ridges provided a means for 
spacing the root of the joint thus as¬ 
suring root penetration. Since these rings 
were used almost exclusively with shielded 
metal-arc welding, it was further assumed 
that the arc would completely melt them 
and incorporate them in the weld. How¬ 
ever, it has been demonstrated (on weld¬ 
er qualification tests employing the root- 
bend test) that the ridge induces small 
cracks in the zones between the ridge 
and the root faces. This condition can 
be avoided by using either flat or shallow- 
grooved backing rings. 

The design of joints for inert-gas metal- 
arc welding of aluminum piping follows 
established practices. Thus, for thick¬ 
nesses up to about 6 / 3 2 in. the square- 
groove butt joint generally is used. For 
thicknesses 8 /io in. and greater, the single- 
vee groove butt joint is employed. 

WORKMANSHIP 
Construction Practices 

In the construction of welded pipe lines 
certain collateral operations are commonly 
involved whether arc or gas welding is 
used. The quality of the finished line and 
the speed with which it is installed arc 
directly influenced by these operations, 
hence proper control and coordination of 
them is of vital importance to the success¬ 
ful completion of a welded pipe line. 

The preliminary preparations for pipe¬ 
line construction follow the general pat¬ 
tern for all engineering work. Thus, 
surveys of the proposed units of the line 
are made. These surveys may be made by 
the conventional transit line method or 


the newer aerial techniques. Following 
this, the necessary plans are prepared to¬ 
gether with specifications. These specifi¬ 
cations will encompass all phases of the 
work, equipment and materials and test¬ 
ing, and must cover all the detail require¬ 
ments for welding, including welder 
qualifications. The type of steel pipe to be 
employed is usually very carefully speci¬ 
fied to insure steel of weldable quality 
and even sometimes the amount of pre¬ 
heating, if any is deemed advisable, that 
may be desirable before welding. 

With the units of the line established by 
the surveys and the right of way secured, 
the next step is that of clearing the right 
of way of trees and obstructions, special 
grading of hill or mountain passes, etc., 
so that construction operations may be 
carried forward. Following this the ditch 
for the pipe is dug for which it is almost 
universal practice now to employ ditch¬ 
ing machines. The next operation, that 
of stringing the pipe along the right of 
way may occur at this stage or may pre¬ 
cede the ditching operations. Trucks or 
tractors are employed for moving the pipe 
from the railroad cars to conveniently 
located distributing points along the line. 
At these points two pipe lengths may be 
welded together before distribution along 
the right of way. Tractors equipped with 
booms generally distribute the individual 
or double lengths of pipe along the ditch. 
It should be noted that all of these opera¬ 
tions are preliminary to actual welding. 

Firing-Line Method .—In former years 
of pipe-line welding, a large organization, 
spread over several miles, was required 
because of the general practice of welding 
two to five or more lengths together in 
what was known as the firing-line method 
of construction. For installing pipe by 
this procedure, the following organization 
was generally employed: 

(a) Line-up gang. 

( b ) Firing-line gang. 

(c) Tie-in gang. 

(d) Lowering gang. 

(e) Bell-hole gang. 

(/) Back-filling gang. 

The function of the line-up gang was to 
line up the pipe on Skids or dollies ad¬ 
jacent to or over the trench. Clamps were 
used to hold the pipe ends in alignment 
while tackers in the gang made the re¬ 
quired number of tack welds. In these 
lining-up operations it was common prac¬ 
tice to tack weld from two to five lengths 
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of pipe into a so-called string in prepa¬ 
ration for the firing-line gang. The exact 
number of lengths in a string was largely 
dictated by the terrain, length of line, job 
conditions and the availability of equip¬ 
ment. 

The firing-line gang deposited the actual 
welds on these strings of pipe employing 
one of two generally accepted pro¬ 
cedures: (1) Operators could be sta¬ 

tioned at each weld in a string, each mak¬ 
ing a complete weld in the string while 
a helper turned the pipe on dollies or 
skids; or (2) one operator could make 
all the welds in a string while a helper 
turned the pipe. Since the pipe was ro¬ 
tated during welding, welding could be 
done in the flat position only and welders 
skilled in welding overhead or in a fixed 
position were not necessary. 

These series of strings of welded pipe 
ranging from 80 to 200 ft. (40-ft. lengths 
assumed) were then joined together by 
the tie-in gangs making fixed-position 
welds. Lowering gangs, bell-hole gangs 
and back-filling crews then completed the 
laying of the line. 

Composite-Construction Method. — A 
construction method that helped to dic¬ 
tate the above-described procedure of lay¬ 
ing cross-country lines was the use of the 
so-called composite-construction method. 
Composite construction, as the name indi¬ 
cates, is a combination of welded con¬ 
struction with some form of mechanical 
coupled joints. It has been used in some 
instances for large-diameter gas lines 
where the difficulty in securing allowances 
for proper expansion and contraction in 
a solid welded line made the mechanical 
connections desirable. Further, the use 
of couplings, usually of the friction or 
pressure type, eliminated all fixed-position 
welds. Fabricating practices were used 
which are similar to those used in the 
firing-line method. Strings of three to 
five lengths were roll welded along the 
right of way by the firing-line gang. Fol¬ 
lowing this the strings were placed on 
skids over the trench and the couplings 
applied to the ends. Then a bolting gang 
made up the couplings. The line was 
then given a protective coating and 
lowered and backfilled. 

Stove-Pipe Method. —The procedure to¬ 
day that is in general practice is to lay 
the line, length by length, with all the 
various crews closely coordinated and 
grouped together over a relatively short 


distance along the right of way. This re¬ 
quires that each pipe be welded into the 
line by a fixed-position weld. While this 
method requires more skill of the welders 
practically all of them today are highly 
skilled in making overhead or fixed-posi¬ 
tion welds. This method of construction 
is known as the stove-pipe method of 
laying cross-country lines and involves 
the following steps. 

I he right of way is cleared, pipe strung 
and the ditch dug ahead of the welding 
operations. Each joint is lined up on 
skids across the ditch, and as a subsequent 
length is laid over the skids two welders 
immediately tack weld it and apply the 
first bead completely around the pipe. 
The welders work on oppositq sides of 
the pipe. Following the welders making 
this root bead comes the main welding 
gang. These welders complete each weld 
by adding a sufficient number of additional 
beads, usually two or three depending 
upon the pipe wall thickness, by the usual 
tie-in position welding method. 

Bending of the pipe is done either on 
single lengths before they are placed over 
the ditch and tacked, or after the first 
bead is welded. 

Figures 1 to 5 illustrate this sequence 
of operations. Figure 1 shows a line-up 
crew lifting a pipe section onto a skid 
with the aid of a tractor. Figure 2 shows 
the pipe sections being lined up and tacked. 
Figure 3 shows the use of a line-up clamp 
for lining up plain end pipe without a 
backing. Figure 4 shows two welders 
making a root bead and Fig. 5 shows a 
welder completing the joint. 


River Crossings and Special 
Constructions 


The finished pipe line, buried in the 
ground, must be connected to pump or 
compressor stations located at convenient 
intervals. The installation of the large 
amount of piping at these stations is 
handled by special crews as the work is 
of a special nature. Pipe-line crossings 
under roads and railroads involve spe- 
cial construction, and are generally bui 
by crews especially equipped for t is 


River crossings are always solid welded 
roughout. The pipe is usual y ro 
elded in long sections of 200 ft. or mor . 
the river is comparatively narrow, the 
ng sections are welded together on the 
nks and the entire line pulled across th 
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river in one section, after which it is 
tied into the main line on the banks. On 
very wide rivers, the pipe line is lowered 
from a barge as shown in Fig;. 6. The 
pipe is usually welded into 80-ft. sections 
before it is placed on the barge. It is 



Fig. 4.—Two Welders Making Root Bead 


then lowered into the river, one section 
at a time, the section on the barge being 
welded to the section that is practically 
in the water. Extra heavy pipe, often 
Va-in. thick or more, is used. For added 
protection, heavy split sleeves, as shown 
in big. 7, are sometimes welded over the 
pipe joints. The weight of these sleeves 
also helps in keeping the pipe down on 
the river bottom. Cast-iron clamps are 
sometimes used to weight the pipe. For 
larger diameter gas pipe, which will 
readily float, the main line is broken 
down into several smaller lines, by means 
of bank headers. Another type of con¬ 
struction extensively used for large gas 
lines is to cross the rivers on a cable- 
suspension type bridge. Unsupported 
spans between towers range up to 2000 
feet. Suspension type bridges also are 
used across deep canyons and dry washes. 

The following innovations that are be¬ 
ing used on large-diameter gas lines are 
worthy of special notice: 

1. The development and application of 
new types of mechanical internal travel, 
internal line-up clamps, which materially 
help in aligning and in welding, particu¬ 
larly the welding of the root bead. These 
internal line-up clamps are very effective 


in facilitating double-lengthening opera¬ 
tions. 

2. Small angle bends made by cold¬ 
bending methods using specially designed, 
powerful apparatus, as shown in Fig. 8. 
More acute bends are formed by slicing 
factory bends on the right of way im¬ 
mediately before installation. 

3. Pipe is double lengthened in the 
field by automatic welding such as sub¬ 
merged arc welding. Such an operation 
is shown in Fig. 9. 

4. Spot gamma-ray inspection is used 
quite widely and promises to be used 
even more in future pipe-line construction. 



Fig. 5.—Making Tie-In Weld 


INSPECTION AND TESTING 


aneral 

Inspection, as a general phase of 
ic construction, includes many ope 
ms, some of which are not pecu * ar 
welding operations. In addition, 
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difference between oil and gasoline piping 
and gas piping is essentially one of size, 
hence a general discussion will apply to 
all types. An extensive discussion of the 
details involved in the inspection of weld¬ 
ments, including typical weld defects will 
be found in Chapter 42. 

Qualification of Welders and 

Procedures 

It is necessary to test all welders before 
their employment on actual welding op¬ 
erations. This qualification of welders is 
a standard procedure on all important 
welded construction work in order to 
assure maintenance of weld quality and 
should be made employing the procedure 
to be used in the construction line. The 


from the bottom upward, then this se¬ 
quence is reversed. 

On pipe-line construction where the 
work can be segregated, it is sometimes 
possible to arrange the work so that a 
given crew will have to weld in only one 
position, e.g., horizontal pipe position, 
rolled, in which case qualification need 
he only for that position. If, however, a 
welder will work in all positions, then he 
must qualify in all positions. 

In qualifying under the ASA Code for 
Pressure Piping, procedure qualification 
involves a number of involved, expensive 
tests. However, once it has been success¬ 
fully completed it is not necessary to rc- 
qualify it unless a major change is made 
in the techniques employed. Welder 



ASA Code for Pressure Piping provides 
for qualification of the welding procedures 
and welders, following the pattern es¬ 
tablished in the AWS Standard Qualifica¬ 
tion Procedure, given in Chapter 60. 
Qualification tests for pipe welding are 
different from those used in plate work be¬ 
cause the position of the pipe rather than 
the position of the weld controls. The 
standard test positions for pipe are (1) 
horizontal pipe position, rolled; (2) hori¬ 
zontal pipe position, fixed; and (3) verti¬ 
cal pipe position, fixed. Welding in the 
horizontal pipe, fixed position requires 
( in order, starting at the top) fiat-position 
welding, vertical-position welding and 
overhead welding; if the direction is 


qualification under an approved procedure 
is relatively simple, involving the making 
of sample pipe welds in the positions to be 
encountered on the job. From these 
sample pipe welds, guided-bend test speci¬ 
mens are removed and subjected to the 
guided face- and root-bend tests. Accepta¬ 
ble specimens are required to bend to the 
capacity of the guided-bend-test jig with¬ 
out showing any cracks or other open 
defects greater than 7* inch. Portable 
equipment is available or may be fabri¬ 
cated for conducting these bend tests in 
the field, thus expediting the completion of 
welder qualification on the job. 

In the construction of transmission pipe 
lines for petroleum products, it has long 
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been the practice to conduct welder 
qualification tests in the field. The need 
for this practice is apparent when it 
is realized that operations are scattered 
over wide areas on a large pipe line. 



Fig. 7.—Reinforcing Sleeves for River-Crossing 

Pipe 


Welders are required to make sample 
pipe welds in the position and under condi¬ 
tions to be encountered on the pipe line, 
from which coupons, containing the weld 
in the middle, are removed by manual 
oxygen cutting. These coupons are sub¬ 
jected to a tension test using a portable 
tension-testing machine. Formerly, it was 
merely required that these coupons break 
outside the weld; more recently, attempts 
have been made to prepare more accurate 
specimens and conduct standard tension 
tests, recording the tensile strength. While 
this method of welder qualification test¬ 
ing is still employed, it is not as search¬ 
ing as the guided-bend test and has been 
largely superseded on important pipe lines 


by the tests prescribed in the ASA Code 
for Pressure Piping. 

Inspection During Welding 

During the progress of a pipe line the 
welding inspector should check to make 
certain that the requirements of the pro¬ 
cedure specification are being observed. 
Careful inspection at this phase of opera¬ 
tions can avoid costly errors. The inspec¬ 
tor should ascertain that the pipe is of 
the proper analysis, size and weight and 
that the correct classification of filler 
metal is being employed. He should also 
check that all welders have been qualified 
for the welding they are performing. 

Inspection After Welding 

Inspection of a. wielded pipe line is diffi¬ 
cult because there is no completely satis¬ 
factory non-destructive test method that 
is applicable to transmission pipe lines. 
Inspection by means of X-rays and gamma 
rays, while possible, usually is too costly 
and cumbersome to be of any value except 
for spot checking in special cases. Mag¬ 
netic particle inspection techniques are 
subject to the same limitations. Because 
of these considerations inspection of 
welded pipe lines is limited to visual ex¬ 
amination, spot checking employing de¬ 
structive tests, pressure testing and service 
testing. 

Visual examination of completed welds 
by experienced inspectors can reveal much 
information about the quality of a weld. 
However, it cannot disclose defects at 
the root of a joint, nor can it provide an 
accurate measure of the soundness of a 
weld. It is. however, the first step to he 



Fig. 8.—Cold-Wrinkle Bending Large Diameter Gas Pipe 
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taken before any of the other tests arc 
applied. It should always precede spot 
checking by destructive methods. 

Spot checking provides for the testing 
of a stipulated number or percentage of 
the joints produced on a line, and samples 
from all welders should be included in 
the batch selected. The joints thus 
selected for testing are completely removed 
from the line and the line repaired by 
drawing the free ends together (if pos¬ 
sible) and rewelding, or welding in a 
short section of pipe (two welds required) 
to replace the piece removed. The welds 


most never undertaken. Similarly, hy¬ 
drostatic testing is impractical on com¬ 
pleted lines. However, short sections of 
a line may be tested with coijipressed air 
(usually 50 to 100 psi.) prior to tying 
them into the finished line. The length 
of such sections may vary from a few 
hundred feet up to a mile or more. The 
usual requirement is that the line hold 
the test pressure for a stipulated period 
of time, making appropriate corrections 
for temperature changes. During the 
period of air testing each weld is checked 
by applying soapy water and observing 



Fig. 9. —Double Lengthening Large Diameter Gas Pipe 


that have been removed from the line 
are subjected to a series of tests which 
may be the same as those used for opera¬ 
tor qualification or a group of separate 
tests mutually agreed upon by owner and 
contractor. Failures in these tests require 
careful evaluation to detect the source of 
poor quality welds. Generally, when such 
welds prove to be satisfactory, the cost of 
rewelding is borne by the owner: the cost 
for welds which fail is charged to the 
contractor. This same procedure is em¬ 
ployed on welds which the inspector re¬ 
jects, after visual examination, necessi¬ 
tating their removal from the iine. 

Pressure testing of a completed pine line 
with compressed air is a large job and 
extremely expensive and. therefore, al- 


f°r leaks. Minor leaks disclosed by such 
tests may be repaired by rewelding the 
affected area, but a joint which leaks all 
over should be completely removed and 
rewelded. ^ 

Pressure testing, because of economical 
limitations, cannot be applied generally 
to transmission pipe lines. Therefore, the 
usual practice is to test the completed 
pipe iine by subjecting it to actual work¬ 
ing conditions, i.e.. carrying oil, gasoline 
or natural gas at the required pressure. 
Of course, this technique carries with it 
the problem of^ handling failures should 
they occur. fortunately, however, the 
petroleum industry has developed a num¬ 
ber of procedures for repairing and even 
installing new sections in welded pipe 
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lines operating under pressure. Obvi¬ 
ously, such methods should be used in the 
event of failures during service testing. 

B. WATER PIPE LINES 


Welded steel pipe is used extensively 
for water pipe lines for conveying water 
for domestic, industrial and irrigation pur¬ 
poses. Municipalities use it for their 
larger supply lines to reservoirs, and in 
distribution systems within their incor¬ 
porated limits. It is usually made of low- 
carbon steel, and can be purchased under 
a number of specifications. 

For flow lines to small municipalities, 
for distribution systems in municipalities 
and for industrial purposes, pipe sizes 
range from 6 in. to a few feet in diameter. 
For large supply lines there is no limit to 
the diameter in which the pipe may be 
fabricated. 

GOVERNING CODES AND SPECIFI¬ 
CATIONS 

Welded steel water pipe is manufactured 
in either a pipe mill or a pipe fabricating 
plant. The processes used for welding 
are: lap welding, resistance seam weld¬ 
ing, flash welding, electric fusion welding 
and automatic submerged arc welding. In 
addition to pipe welded by the above 
processes, seamless steel pipe is also used. 

Pipe for conveying water is usually 
purchased to conform to: AWWA 

Standard Specifications for Electric Fu¬ 
sion Welded Steel Water Pipe of Sices 
VP to But Not Including 30 Inches (Serial 
Designation 7 A A) and AWWA Standard 
Specification for Electric Fusion Welded 
Steel Water Pipe of Sices 30 Inches and 
Over (Serial Designation 7A.3). Pipe 
purchased under ASTM Specifications 
Electric Fusion Welded Steel Pipe (Sices 
30 In. and 07>cr) (Serial Designation 
A134) or Electric Fusion Welded Steel 
Pipe (Sices 4 in. to But Not Including 
30 In.) is satisfactory for water service, 
as is pipe conforming to API Specifica¬ 
tion 5L for Line Pipe. 

For especially large diameter pipe, hav¬ 
ing wall thicknesses greater than P /4 in., 
or for water pipe placed above the ground 
and supported by stiffener rings, it is ad¬ 
visable to use the specifications and design 
practice as discussed in the section of this 
chapter on penstocks. 


Water pipes usually have some kind of 
coating inside and outside to protect them 
against corrosion. For mildly corrosive 
conditions, a good quality of coal-tar paint 
is used. For severe corrosive conditions, 
either inside or outside, the pipe is usu¬ 
ally protected with a coal-tar enamel lin¬ 
ing or coating applied in accordance with 
AWWA Standard Specifications for Coal- 
Tar Enamel Protective Coatings for Steel 
lEater Pipe (Serial Designation 7A.6 for 
pipe of size 40 2 in. up to but not including 
30 in., and Serial Designation 7A.5 for 
pipe of size 30 in. and over). 


MATERIALS 

Pipe for water supply service is usually 
made of low-carbon steel. Water pipe 
lines (except penstocks) normally operate 
under much lower pressures than do pipe 
lines for gas, gasoline or oil, so that it 
is not necessary to use steel having as high 
a tensile strength for water pipe lines as 
for pipe lines for the oil industry. 


DESIGN 


In designing a steel water pipe line it 
is necessary to have a profile made from 
a survey of the line. From the informa¬ 
tion contained on the profile and other in¬ 
formation, such as quantity of water to 
be carried, surge conditions, nature of 
the soil from a corrosion standpoint and 
any unusual operating conditions that may 
exist, it is possible to determine the diam¬ 
eter and wall thickness of the pipe, loca¬ 
tion and size of air valves and blow-off 
valves, and type of protective coating to 
he used on the inside and outside of the 
pipe. 

After determining the diameter of the 
pipe line by the usual design formulas, 
the next procedure is to calculate the 
internal working pressure by adding to 
the pressure shown on the profile, sue 
additional pressure as might be caused by 


ater hammer. 

Proper allowance should be made or 
epansion and contraction of the pipe line, 
irticularly during the construction period. 

the field joints are to be welded, n 
eeve-type compression couplings are usee 
r the field joints, it will not be necessary 
give anv further consideration to tne 
atter of contraction and expansion. 

Slight bends may be made m field 1 ou t 
water pipe lines to fit the profile of the 
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ground, provided lap-welded, slip bell 
joints (bell and spigot) are used in the 
field, or sleeve-type, compression couplings 
are used. Figure 10 is an illustration of 
a long radius bend made in the field. The 
pipe in this case was 27 in. in diam., and 
the lengths were 40 feet. Slip bell, lap- 
welded field joints were used. For mak¬ 
ing bends in large-diameter pipe or for 
making bends of several degrees in small 
pipe, special elbow sections of the correct 
degree are usually fabricated at the pipe 
mill or in the pipe fabrication plant. 



Fig. 10.—Curve in 27-In. Diam. Pipe 


Several types of field joints which may 
be used in a pipe-line design are described 
in the AWWA Specifications 7A.3 and 
/A.4 previously referred to. The type of 
joint to be used is usually determined by 
field conditions and by the thickness of 
the pipe wall. The slip bell type of joint 
is very satisfactory for pipe of wall thick¬ 
nesses up to r /h inch. For pipe diameters 
30 in. and larger, slip bell joints are usu¬ 
ally fillet welded inside and outside. If 
the interior of pipe under 24-in. diam. is 
lined with coal tar, an enameling crew 
cannot get inside of the pipe to re-enamel 
after welding, and the sleeve-type, com¬ 
pression coupling, or bell and spigot joint 
for caulking, is usually used for making 
the field joints. 


WORKMANSHIP 
Construction Practices 

If the pipe line is to be buried, it is 
assumed that the general procedure will 
be carried out as with any other pipe-line 
construction—the right of way is to be 
cleared away, access roads provided and 
a suitable trench provided in which to 
lay the pipe. The pipe is distributed along 
the right of way and any specials are 
distributed at their proper laying posi¬ 
tions. If the pipe is enamel lined or 
coated, considerable care must be em¬ 
ployed so that in the hauling and dis¬ 
tributing operations, neither the inside 
lining nor the outside coating is damaged. 
Trucks for hauling this type of pipe are 
usually provided with padded bunks cut 
out to fit part of the circumference of 
the pipe. When coated pipe is distributed 
along the right of way in rocky ground, 
the ends of the pipe should be placed on 
wood blocks so that none of the coating 
on the outside of the pipe rests on rocks 
or gravel. 

Whether field-welded joints or sleeve- 
type, compression couplings are used, the 
pipe is usually picked up, one length at a 
time, and joined together in the bottom 
of the trench. Bell holes are provided 
for welding and coating field joints, or 
for tightening the bolts in the sleeve- 
type, compression couplings. After the 
field joints are tacked, or after the coup¬ 
lings are bolted, it is advisable to cover 
the pipe lengths between field joints be¬ 
fore the joint is finished and tested, in 
order to minimize expansion and contrac¬ 
tion. 

Pipe lines crossing rivers require spe¬ 
cial consideration as to their location. If 
the elevation permits, such pipe lines are 
frequently carried across the stream on 
piers as shown in Fig. 11. 

The procedure for welding field joints 
on steel water pipe lines is covered by 
the AWS-AWWA Standard Specifica¬ 
tions for Field Welding of Steel Water 
Pipe Joints; general information on the 
subject will be found in some of the 
sources listed in the bibliography at the 
end of this chapter. 

Welding in the field at very low tem¬ 
peratures is not generally advisable 
However, it can be done successfully, pro¬ 
vided a proper welding procedure is fol¬ 
lowed, and provided also that the pipe is 
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Fig. 11.—Carrying Pipe Line Across River 

One-hundred thirtv-four-foot spans. 


made of a grade of steel which will per¬ 
mit welding at low temperatures. Figure 
12 shows a welder welding a field joint 
when the temperature was 35° below 0°F.* 
A section of the Bouquet Canyon water 
pipe line for the City of Los Angeles is 
shown in Fig. 13. The diameter of this 
line ranges from 94 to 80 in. and the 
thickness from 3 / H to l 1 /™ inches. 

See bibliography. 


FIELD INSPECTION AND TESTING 

Inspection and qualification require¬ 
ments for water pipe lines are prescribed 
in the AWS-AWWA Specifications for 
Field Welding of Steel Water Pipe Joints. 
Recommendations given under Inspection 
in Part A—Oil Gasoline and Gas Pipe 
Lines, of this chapter are applicable to the 
field welding of water pipe lines. 



C. PENSTOCKS AND LARGE 
DIAMETER WATER PIPES 


General 

Penstocks are used for the conveyance 
of water under pressure to hydraulic tur¬ 
bines for the generation of electric power. 
Their construction requires a high degree 
of safety and smooth, streamlined interior 
surface is necessary to reduce hydraulic 
losses and to conserve the available pres¬ 
sure head. The strength and flexibility 
of steel make it especially suitable or 
the variety of pressure fluctuations met 
in turbine operation so that steel penstoc s 
are generally used. Large diameter pen 
stocks are usually made from steel p a es 
rolled into cylindrical sections with the 
ends of adjacent sections welded together. 
This welding is done in the shop for sec¬ 
tions whose diameters are within shipping 
limits and in the field for larger diameters. 

The same principles of design and con¬ 
struction which govern penstoc * ' 

squally well to very large high-press 

water pipe lines. 


Fig. 12.—Field Welding Pipe at —35°F. 
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GOVERNING CODES AND 
SPECIFICATIONS 

At present there are no nationally rec¬ 
ognized specifications for the design and 
fabrication of penstocks. Because of this 
it is usual practice to prepare detailed 
specifications for each job. Design re¬ 
quirements for such specifications may be 
based on the accepted standards for the 
design of pressure vessels as in the AS ME 
Code for Unfired Pressure Vessels and 


fication requirements should also include 
any specified detailed instructions neces¬ 
sary regarding assembling and laying of 
pipe sections as well as painting require¬ 
ments. As actual soil conditions at the 
site of installation and the adaptability of 
materials and equipment during construc¬ 
tion may materially affect the economy 
of the installation, contract specifications 
should contain provisions to adapt the 
construction to such conditions as are 
peculiar to the particular job. 



Fig. 13.—Typical Section of Overland Water 


Pipe Line 


the API-ASME Code for Unfired Pres¬ 
sure Vessels for Petroleum Liquids and 
(rases. Fabrication requirements should 
cover in detail the type of steel to be used, 
specific workmanship requirements and 
the inspection and testing to be employed. 

Welding procedures should be required 
to be qualified before being used, and all 
welders should be qualified before be¬ 
ing permitted to weld penstocks. Speci- 


MATERIALS 

\\ elding processes and procedures have 
been developed to the extent that it is now 
possible to weld a very large variety of 
steels in most of the thicknesses usable in 
penstock fabrication, including those which 
are to operate under high internal work- 
nig pressures and are to be of very large 
diameters. A high quality of steel, such 
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as firebox and flange quality suggested 
here for use in penstocks, is not required 
in the construction of water pipe lines 
because they are not subjected to the 
surges which occur in penstocks. 

In choosing materials for penstocks it 
should be remembered that the quality of 
the completed job will be influenced by a 
set of conditions, such as the type of steel 
and electrodes used, the welding pro¬ 
cedure, the welding current, welding 
speed, joint design, the skill of the welders 
and weather conditions. The combination 
of these variables will determine the 
quality of the finished product. 


is rolled in Grades A and B, having the 
chemical compositions and mechanical 
properties given in Table 2. 

For less important penstocks, or when 
the above steels are not available, steel 
conforming to A STM Specifications for 
Low and Intermediate Tensile Strength 
Carbon-Silicon Steel Plates of Structural 
Quality (Serial Designation A283) may 
be used. This type of steel is rolled in 
Grades A, B, C and D, of which Grades 
B and C are considered to be the most 
suitable for penstocks. The minimum ten¬ 
sile strength of Grade B varies from 
50,000 to 60,000 psi., and Grade C from 


Table 1—Properties of Carbon- 

Steel Plates of Firebox Quality (ASTM A285) 

Chemical Analysis: 


Grade A 

Grade B 

Grade C 

Carbon, maximum, % 





For plates 3 /< in. and under in thickness 

0.15 

0.20 

0.25 

For plates over 3 /< in. to 2 in. 

, inclusive, 




in thickness 


0.17 

0.22 

0.30 

Manganese, maximum, % 
Phosphorus, maximum, % 


0.80 

0.80 

0.80 

Acid 


0.04 

0.04 

0.04 

Basic 


0.035 

0.035 

0.035 

Sulfur, maximum, % 


0.04 

0.04 

0.04 

Mechanical Properties: 




55,000-65,000 

Tensile strength, psi. 


45,000-55,000 

50.000-60,000 

Yield point, minimum, psi. 


24,000 

27.000 

30,000 

Elongation, in 8 in., minimum, 

% 

1,550,000 

1,550,000 

1,550,000 

Tensile strength 

Tensile strength 

Tensile strength 


Carbon-steel plates of firebox quality 
provide the most satisfactory material for 
welded penstocks. These steels have good 
welding qualities and insure welds of the 
desired ductility to withstand the heavy 
surges and waterhammer shocks occur¬ 
ring in turbine operation. The above 
steels are produced in accordance with 
A STM Standard Specifications for Lozv 
and Intermediate Tensile Strength Car¬ 
bon-Steel Plates of Flange and Firebox 
Qualities (Serial Designation A285) 
which is rolled in Grades A, B and C for 
plates 2 in. and under in thickness. 

The chemical compositions and mechani¬ 
cal properties of the above steels of fire¬ 
box quality are given in Table 1. 

For plates over 2 in. in thickness an¬ 
other type of firebox quality steel is used 
which is produced in accordance with 
Standard Specifications for Carbon-Sili¬ 
con Steel Plates of Ordinary Tensile 
Ranges for Fusion-Welded Boilers and 
Other Pressure Vessels (ASTM Serial 
Designation: A201). This type of steel 


55,000 to 65,000 psi. The minimum yield 
point for Grade B is 27,000 psi., and for 
Grade C it is 30,000 psi., and the minimum 
elongation for both is 1,500,000/tensile 
strength. Although the maximum carbon 
content is not specified, it is not expected 
to exceed 0.30% except for very heavy 
plates. The phosphorus and sulfur con¬ 
tents of these steels are not to exceed 0.0 


tid 0.05% respectively. 

The API-ASME Code restricts the 
se of A7* and A283 steels to thicknesses 
3 t exceeding 3 /< inch. It also requires 
iat vessels made from carbon stee m 
ccess of VI * in. thickness, and for thinner 
ates exceeding a thickness of (M+5U; • 
20 (where Di is the inside diam. >« 
iches but not less than 20) must 
ress relieved. For high quality wc • 
jplied either manually or automatically. 
:mi-killed steel is recommended. I™ 
ass of steel is partially deoxidized and 

is less porosity and segregations thw 

mmed steel, the use of which is not 

* ASTM Specifications for Steel for Bridg 
i d Buildings. 



I 
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otnmended, particularly for automatic 
welding because of the detrimental effect 
on the weld of the numerous segregations. 


Table 2—Properties of Caabon-Silicon Steel 

Plates (ASTMA201) 


Chemical Analysis: 
Carbon, maximum, v /i 
For plates 1 in. and 

Grade A 

Grade R 

under in thick¬ 

• 


ness 

For plates over 1 in. 
to 2-in., inclusive, in 

0.20 

0.24 

thickness 

For plates over 2 in. 
to 4 in., inclusive. 

0.24 

0.27 

in thickness 
Manganese, maxi¬ 

• 0.27 

0.30 

mum, % 

Phosphorus, maxi¬ 

0.80 

• 0.80 

mum, % 

0.035 

0.035 

Sulfur, maximum, 


• 

% 

0.04 

0.04 

Silicon, % 

Mechanical Properties 

0.15-0.30 

0.15-0.30 

Tensile strength, psi. 

55,000- 

60,000- 


65,000 

70,000 

Yield point, mini¬ 

0.5 tensile 

0.5 tensile 

mum, psi. 

strength 

strength 

Elongation, in 8 in., 

1,550,000 

1,550,000 

minimum, % 

Tensile 

Tensile 


strength 

strength 


/_ 

Although high-strength, low-alloy steels 
have not been .used extensively in the 
United States for the fabrication of pen¬ 
stocks, the saving in weight that might 
he effected by the use of such steels for 
large diameter penstocks and penstocks 
subjected to high heads or pressures, is a 
challenge to the designing engineer and 
it is possible that as our knowledge of 
the welding of such steels increases, their 
use will increase. The API-ASME Code 
lists the following ASTM Specifications as 
covering steels suitable for unfired pres¬ 
sure vessels: 

A204 (Grades A, B and C)—Molyb¬ 
denum-Steel Plates for Boilers and 
Other Pressure Vessels. 

A212 (Grades A and B)—High-Ten¬ 
sile Strength Carbon-Silicon Steel 
TMates for Boilers and Other Pressure 
Vessels. 

A225 (Grades A and B)—Manga¬ 
nese-Vanadium Steel Plates for Boilers 
and Other Pressure Vessels. 

-The tensile strengths of the above steels 
range from 65,000 to 82,000 psi. with mini¬ 
mum yield points from 32,500 to 41,000 
psi. The maximum carbon content is 
held to 0.30% or less for plate thicknesses 


up to 4 in., except for A212, for which it 
may run slightly higher. Additional 
strength is imparted to these steels by 
varying amounts of manganese, molyb¬ 
denum, silicon or vanadium added to the 
steel. Although welding experience with 
the above steels is as yet somewhat 
limited, it has been found beneficial to 
preheat the plates that are to be welded 
and to stress relieve the completed pipe 
after welding. This applies especially to 
plates over 1-in. thick, or whose carbon 
content exceeds 0.30%. The heat treat¬ 
ment will increase the cost of construc¬ 
tion and the cost is further increased by 
the higher price of these steels as com¬ 
pared to the carbon steels. Unless such 
increased'* costs are overbalanced by a 
reduction in plate thickness and weight 
made possible by the use of higher de¬ 
sign stress.es for the high strength steels, 
their use will not be economical. 

In addition to the steel plates, various 
other ferrous materials are used in the 
construction of penstocks. The structural 
steel supports for the penstocks are usu¬ 
ally fabricated from steel conforming to 
ASTM Specifications for Steel for Bridges 
and Buildings (Serial Designation A7). 
Stiffener 'rings may also be made from 
this type of steel, which has a minimum 
tensile strength of 60,000 to 72,000 psi., a 
minimum yield point of 33,000 psi., and 
a minimum elongation, in 2 in., of 22%. 
Flanges, for connection to gates, valves 
or to turbines, are usually made from 
forged or rolled steel, conforming to 
ASTM Specifications for Forged or 
Rolled Steel Pipe Flanges , Forged Fit¬ 
tings and Valves and Parts for High- 
Temperature Sendee (Serial Designa¬ 
tion A105). This steel is made in Grades 
I and II, with minimum tensile strengths 
of 60,000 and 70,000 psi., respcctivelv, 
minimum yield points of 30,000 and 36,000 
psi., respectively, and minimum elongations 
in 2 in., of 25 and 22%, respectively. 

The welding electrodes used for manual 
welding are of the heavy covered type 
especially designed for all-position weld- 
'ing. in accordance with Tentative Speci- 
f< rations for Mild Steel Arc-lVelding 
Electrodes, previously mentioned. 

Among the nonferrous metals used in 
penstock construction there arc bronzes 
and brasses for rocker supports, nickel¬ 
cladding and flax packing for expansion 
joints and other materials, which are 
described in other sections. 
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DESIGN 

The diameter of a penstock is deter¬ 
mined from an economic analysis in which 
the cost of the penstock is balanced against 
the value of power lost due to flow in the 
pipe. Economical velocities have been 
found to vary from 10 to 20 ft. per sec. de¬ 
pending on head and other variables enter¬ 
ing into the problem. The diameter re¬ 
sulting in the lowest annual cost, includ¬ 
ing depreciation, value of power lost and 
fixed charges, is the most economical to 
use. 

The efficiency of arc-welded joints varies 
according to the type of joint and the weld 
inspection used. For the longitudinal 
joints of penstocks which are subjected 
to the full operating head, either double- 
welded butt joints or single-welded butt 
joints with backing strips are used. This 
is because butt-welded joints provide the 
most efficient connection, not only in 
strength and impact resistance, but also 
hydraulically. The API-ASME Code 
specifies a joint efficiency of 80% for 
pipe made from firebox quality steel with 
butt-welded joints, which is increased to 
90% if the longitudinal joints are radio¬ 
graphed. Some designers favor the use 
of joint efficiencies of 90 and 100%, re¬ 
spectively, for unradiographed and radio¬ 
graphed welds. (A 100% joint efficiency 
may also be used if the pipe containing 
the joint in question is subjected to a hy¬ 
drostatic pressure test at a minimum pres¬ 
sure equal to 150% of the total operating- 
head, including water hammer.) In view 
of recent advances made in welding, par¬ 
ticularly with automatic equipment, the 
higher efficiencies are believed to be more 
appropriate. The API-ASME Code speci¬ 
fies an increase in joint efficiency of 5% 
if the pipe is stress relieved in accordance 
with the code. Although stress relieving 
is beneficial in reducing the residual 
stresses due to welding, especially for 
very heavy plates or for steels of high- 
carbon content and the low-alloy steels, 
it is not generally used for carbon steels 
except in special cases. 

Pressure rises due to water hammer are 
produced by the rapid closure of the tur¬ 
bine gates and can be computed for simple 
conduits in accordance with standard 
formulas or charts developed for that 
purpose. Under certain operating condi¬ 
tions, as with oncoming loads, the turbine 
gates will open rapidly and subnormal 


pressures may develop in the penstock. 
These may also result from pressure 
oscillations due to surges or when the 
water column parts and rejoins abruptly 
in the penstock. To prevent a possible 
collapse of the penstock under such condi¬ 
tions, it may be necessary to adjust its 
profile or to reinforce the shell with stif¬ 
feners at critical points along the profile. 
The impact loads due to surge conditions 
make it desirable to use ductile materials 
which will absorb the abnormal stresses 
by yielding, thus avoiding rupture in the 
plates and welds. The scope of this chap¬ 
ter does not permit a full discussion of 
water hammer phenomena, which are 
treated in special publications. 

The design of support rings for large 
self-supporting steel pipe is based on the 
elastic theory of thin cylindrical shells. 
The pipe shell is subjected principally to 
beam and hoop stresses and the loads are 
transmitted to the support rings by shear. 
Pipes adequately reinforced for the bend¬ 
ing moments at the points of support may 
be carried on long spans without inter¬ 
mediate stiffeners. If with or without 
expansion joints penstocks are continu¬ 
ously supported at a number of points, 
the bending moment at any point along 
the penstock may be computed by assum¬ 
ing that it is a continuous beam, using 
applicable beam formulas. 

The length of the span to be used is 
a matter of economy. Very long spans, 
say over 75 ft., are usually not economical 
as the plate thicknesses must be increased 
and heavy support rings used at the 
supports to carry the increased bending 
moments due to beam action. The de¬ 
sign of support rings is treated in special 
publications. In areas subjected to seis¬ 
mic disturbances, the supports should be 
designed for a horizontal force of 0.1 to 
0.2 of the gravity load depending on the 
severity of earthquake shocks reportec 
for the area. 

A typical support ring consisting of 
two 6 by 3 /*-in. steel bars is shown in 
Fig. 14. The rings are welded to the 
pipe shell with two continuous fillet welds 
and are tied together with diaphragm 
plates. Two support columns made from 
8-in. wide flange beams are welded be¬ 
tween the rings with fillet welds a 
plug welds to carry the pipe and ware 
load to the rocker supports and concr 
piers. The pipe may also be provid 
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with box-shaped ring girders and sup¬ 
ported directly on saddle-type concrete 
piers lined on top with embedded steel 
plates, using graphited asbestos sheet 
packing between girder and liner to re¬ 
duce friction. 

Changes in profile or alignment of a 
penstock are effected with fabricated seg¬ 
mental bands, using small deflection angles 
to reduce hydraulic losses due to flow. 


connections require special reinforcements 
to compensate for the metal removed for 
hydraulic reasons. Figure 15 shows a 
branch outlet on a 102-in. diam. penstock. 
The branch outlet is of conical shape 
and diverts a portion of the flow to a 
50-in. diam. branch pipe leading to an 
outlet valve which controls irrigation re¬ 
lease. The intersection of the branch pipe 
with the penstock is provided with a 



Fig. 14.—Typical Support Rir\g for 96-In. Diam. Pipe 


Bends may be of constant diameter or 
they may be formed as • reducing bends 
in which the diameter is reduced in the 
downstream direction. 

When a penstock header supplies two 
or more turbines or is diverting a portion 
of the flow to an irrigation line, branch 
outlets or wye connections are used be¬ 
tween the main line or header and the 
branch pipe. Such branch outlets or wye 


curved T-beam, which is reinforced with 
two 6-in. diam. tie bolts welded to the 
beam at both ends. 

Exposed penstocks are subjected to at¬ 
mospheric temperature changes when 
empty, and to the temperature of the water 
when in operation. If fully restrained 
against movement, the temperature varia¬ 
tions will produce a unit stress equal 
to the coefficient of expansion times the 
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Fig. 15.—Branch Outlet for 102*In. Diam. Penstock 
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modulus of elasticity of the steel, or 195 
psi. per °F. temperature change. In 
order to permit free movement and pre¬ 
vent excessive temperature stresses in ex¬ 
posed penstocks, expansion joints are 
provided. There are several types of 
expansion joints, among which the sleeve- 
type is the most generally used. Figure 
16 shows a typical all-welded sleeve-type 


pansion joint is used. This joint permits 
longitudinal movement due to temperature 
changes and vertical displacement due 
to foundation deflection. 

Penstocks are usually provided with 
filling lines, manholes, vents, drains, pie¬ 
zometer connections, service outlets, 
flanged connections, etc., which must be 
given special attention in the design 



expansion joint for a 96-in. diam. steel 
penstock. The packing consists of several 
rings of square, braided flax, compressed 
with a packing gland and takeup bolts to 
make the joint watertight. Where pen¬ 
stocks pass through construction joints 
separating two concrete masses, as be¬ 
tween the dam and powerhouse, provision 
should be made for movement in both 
longitudinal and transverse directions. In 
such cases a so-called double-acting ex- 


Finished openings in the pipe shell ex¬ 
ceeding 2 in. in diam. must be reinforced 
as required by the code to prevent con¬ 
centrations of stress. 

WORKMANSHIP 

Fabrication and Erection 

Transportation problems usually deter¬ 
mine whether welded plate-steel penstocks 
should be fabricated in a contractor’s shop 
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or at the site of installation. As rail 
transport of pipe exceeding 12 ft. in diam. 
is not feasible, such sizes are either com¬ 
pletely fabricated in the field, or the 
plates are cut to size, the edges prepared 
for welding, and rolled in the shop, then 
shipped for completion in the field. The 
fabrication of penstocks includes a number 
of special operations performed on such 
equipment as plate rolls, presses, oxygen¬ 
cutting equipment, welding machines, 
stress-relieving equipment, testing ma¬ 
chines, radiographic and handling equip¬ 
ment. In addition, blasting and coating 
equipment is used for the coating of the 
completed pipe. 


penstocks where possible. For irregu¬ 
lar circumferential joints and for joints 
which are to be welded in place during 
erection, automatic welding is not well 
adapted and manual welding is used. 
Heavy plates for manually field-welded 
joints are usually provided with double- 
vee-grooves for plates up to about F /2 in. 
thickness and with double-U grooves for 
thicker plates. For automatic welding 
the plates should be provided with single- 
vee or double-vee grooves, depending on 
weld backing or plate thickness, which also 
determine the diameter of the welding 
electrode, the amperage, voltage and the 
welding speed to be used. 



Fig. 17.—Pipe Courses for 15-Ft. Diam. Penstock 


As plates of the desired size and thick¬ 
ness for large penstocks are rarely avail¬ 
able from supply houses, they are usually 
ordered to the required size and thickness 
from the steel mill, allowing for extra 
length and width for trimming. Upon 
arrival in the shop, the plates are oxygen- 
cut, or sheared and planed, to exact width 
and length and the edges prepared for 
welding. The preparation of the plate 
edges depends on the welding process 
to be used. Welds of more uniform 
quality can be produced with automatic 
submerged arc welding than with manual 
welding, as full control can be maintained 
of the welding speed and current. There¬ 
fore, this type of welding is used on 


After the plates are cut to size and 
prepared for welding, the edges are 
first pressed to shape on a plate press, 
then the plates are rolled into pipe courses 
the length of which is equal to the plate 
width. Depending on their diameter, the 
pipe courses are made from one or more 
plates, with one or more longitudinal 
joints. After rolling, the longitudinal 
seams are welded on the automatic weld¬ 
ing machine, completing a pipe course. 
Two or more pipe courses are then welded 
into pipe sections or laying lengths of 20 
to 40 ft. long. For long runs of pipe 
the accumulated weld shrinkage in girt i 
joints should be taken into consideration. 
Extra material, usually about Vs-in. per 
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joint for manual welds and Vw-in. for 
automatic welds, should be added to the 
theoretical width of plates to offset this 
shrinkage and obtain pipe sections and 
runs which will fit actual field surveys. 
Figure 17 shows some pipe courses and 
sections for a 15-ft. diam. penstock during 
fabrication. The length of pipe sections 
is dependent on plate width, loading 
economy, the capacity of testing machines 
or handling equipment. Sheared carbon- 
steel plates are usually rolled in thicknesses 
from 7 1 « to 2 in., and in widths from 24 
to 148 inches. For some types, as car¬ 
bon-silicon steel, plates up to 6-in. thick 
are rolled. Welding economy indicates 


should be used. Among the various 
electrodes, mild steel electrodes conform¬ 
ing to Classification E6010 are the most 
extensively used type for all-position weld¬ 
ing for pipes, tanks and other steel struc¬ 
tures which require considerable welding 
in the vertical and overhead positions. 
Electrodes of Classifications E6012, E6013, 
E6020 and E6030 are also extensively used 

When a pipe section is completely 
welded, the joints are inspected by radio¬ 
graphy, trepanning, pressure testing or 
whatever other manner is specified. 

Cracks, incomplete fusion and undercuts 
are not acceptable. The acceptability of 
porosity, slag inclusions and cavities 



Fig. 18.—X-Ray Inspection of Circumferential Pipe Joint 


the use of >teel plates of the greatest 
width practical; however, the cost of plates 
increases rapidly with an increase in 
width. J herefore. both welding and plate 
costs should be considered in determining 
the economical width to be used in pen¬ 
stock fabrication. 

Arc welding on penstocks requires a 
continuous supply of electric current of 
proper voltage and of ample amount. 
Either d.c. or a.c. may be used, the 
former being the more common. Direct 
current may be furnished from large 
motor generator sets with the motor 
arranged for any commercial power sup¬ 
ply. 

Electrodes of the heavy covered type 


should be determined from the size and 
distribution of the defects or by com¬ 
parison with an ASME standard set of 
radiographs. Unacceptable defects should 
he removed and the welds repaired and 
inspected again to prove the quality 
of the repair welds. Figure 18 shows the 
X-raying of a circumferential seam in 
the shop. (See Chapter 42 for further 
information on radiography and other 
inspection methods.) 

A high carbon content or larger thick¬ 
ness, or a combination of these, may make 
it advisable to preheat the steel prior to 
welding and then stress relieve the com¬ 
pleted section. A preheat temperature of 
200 to 300° P. should be applied by 
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torch or with gas burners prior to weld¬ 
ing. In stress relieving, a temperature of 
between 1100 and 1200 °F. should be 
maintained for 1 hr. per inch of metal 
thickness, then the section should be 
cooled in the stress-relieving furnace or 
in still air to below 600° F. at a rate not 
exceeding 500°F. per hr. divided by the 
maximum thickness. Peening may also be 
done to control distortion and decrease 
any cracking tendency. Thermal stress 
relieving should be performed after all 
welding has been completed. All sections 
that have been repaired by welding should 
again be stress relieved after the weld 
repairs have been completed. (See Chap¬ 
ter 43 for further discussion on peening 
and stress-relief heat treatment.) 


on prepared supports in accordance with 
marking diagrams furnished by the pipe 
fabricator, fitting the sections together 
and complete welding of the joints. 
Figure 21 shows the installation work in 
progress for five 15-ft. diam. penstocks at 
Shasta Dam. 

The quality of field work is dependent 
on the accuracy of shop fabrication. 
Proper edge preparation for welding, and 
accurately formed plates and pipe sections 
of proper length, if protected against de¬ 
formation during handling and shipment, 
will facilitate field installation work. The 
welding is limited generally to girth 
joints and must be performed in position. 
The fitting of field joints prior to welding 
is important. On the top half the pipe 



Fig. 19.—Hydrostatic Testing of Pipe Section 


After stress relieving, the pipe sections 
may be tested on a hydrostatic testing 
machine as shown in Fig. 19 or by the 
attachment of bulkheads, using a test 
pressure of P/s times the operating pres¬ 
sure including water hammer. In some 
cases this pressure test of individual pen¬ 
stock sections may be replaced by a proof 
hydrostatic test on the installed penstock, 
which is preferable as it includes all welded 
joints. 

I he installation of penstocks involves 
problems of handling as shown in Fig. 20 
where a cableway was used, then setting 
the marked pipe sections to line and grade 


ends may be fitted from the outside and 
on the bottom half from the inside, using 
temporary fitting lugs welded at intervals 
across the joint as shown in Fig. 22. All 
fitting lugs are on the top side of the 
joints leaving the overhead side fully ac¬ 
cessible for the first weld deposits. The 
actual welding of a girth joint may be ac¬ 
complished with two welders, one stationed 
on the inside and one on the outside, o 
the pipe, as outlined in Fig. 23. Making 
the first pass using a backstep sequence 
and welding uphill in opposite quadrants 
simultaneously will help to maintain the 
root opening and insure uniform shrinkage 
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in the joint. When two complete layers 
of weld metal have been deposited in the 
overhead position, the fitting lugs on the 
top side can be removed and the joints 
backchipped. The balance of the welding 
is then completed. Chipping should be 
done with round-nosed tools until all 
visible defects are removed. 

All field welding is performed manually 
using electrodes of the heavy-covered 
type for all-position welding. The sections 
to be welded should be accurately matched 
and retained in position during welding 
by the use of expanding spiders on the 
inside of the pipe or by exterior butt 


of the first bead from the opposite side 
of the joint. Tack welds, unless made 
in a manner which facilitates their in¬ 
clusion in the final weld, should be re¬ 
moved so that they will not become a 
part of the final joint. The weld metal 
should be deposited in successive layers 
and each layer should be thoroughly 
cleaned to base metal before applying the 
next layer. A weld reinforcement not 
exceeding Vs in. should be used. Peening 
of weld deposits is not required except 
in special cases when necessary to com¬ 
pensate for weld shrinkage. The com¬ 
pleted weld must show complete pene- 



Fig. 20.—Installation of 15-Ft. Diam. Sections at Shasta Dam 


straps permitting all welding to be per¬ 
formed from the inside of the pipe. This 
latter practice may be necessary in tunnels 
having limited clearance around the pipe 
which would make welding from the out¬ 
side impracticable. Wherever possible, 
however, all joints should be welded from 
both sides of the joint. Weld metal origi¬ 
nally deposited at the bottom of the weld 
groove should be chipped or flame gouged 
to obtain a clean surface for the deposit 


tration, without undercutting or other 
imperfections. When welding in cold 
weather it is advisable to preheat the 
Plates prior to welding. All unacceptable 
defects found by visual inspection, tre¬ 
panning. radiography or pressure-testing, 
should be removed by chipping, gouging 
or grinding, and the resulting cavities re¬ 
filled with weld metal in the same manner 
as the original grooves were filled. Weld 
repairs should be reradiographed or re- 






Fig. 21 .—Penstocks at Shasta Dam 


tested as required to prove the quality of 
repairs. For penstocks requiring radio- 
graphic inspection of circumferential 
joints welded in place during installation, 
portable radiographic equipment is used. 

INSPECTION AND TESTING 

If required by the purchaser, the weld¬ 
ing procedure to be used by the penstock 
fabricator should be qualified in accord¬ 
ance with the Standard Qualification Pro¬ 
cedure of the American Welding 


Societv. This includes reduced-section 
tension, free-bend, root-, face- and side- 
bend tests for groove welds, and fillet- 
weld-soundness, and longitudinal and 
transverse shear tests for fillet welds. 

All welding on penstocks must be per¬ 
formed by welders who have passed quali¬ 
fication tests in accordance with the 
Standard Qualification Procedure of the 
American Welding Society. I he tests 
for groove welds include root-, face- and 
side-bend tests; and for fillet welds, fillet- 
weld soundness tests in each of the differ 
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ait positions of welding for which the 
welder is to be qualified, such as flat, hori¬ 
zontal, vertical and overhead positions. 

A check on the quality of production 
welding is maintained by the requirement 
that one test plate is to be prepared for 
a certain amount of completed length of 
seam as follows: 


Linear Feet 

For plate under Va in. in thickness.300 

For plate Vs in. to 1 J A in. in 

thickness.200 

For plate over l 1 /* in. in thickness.100 



ance with the specification requirements. 
All radiographs and trepanned plugs 
should be examined by the inspector to 
determine the acceptability of the welds 
and the extent of repairs. The inspector 
should witness the preparation of test 
plates and, when possible, the testing of 
specimens, in connection with all proce¬ 
dure and welder qualifications, and pro¬ 
duction tests. The hydrostatic pressure 
test of each penstock section, or the proof 
hydrostatic test of the complete installa¬ 
tion should also be witnessed 'by the in¬ 
spector ; likewise, all cleaning and coating 




Fig. 23.—Welding Sequence for Field Joints 


Circumferential joint welded in position by welders A and 13 . 


I est plates should be of the same ma¬ 
terial and of approximately the same 
thickness as used for the penstock. The 
edge preparation, electrodes and welding 
procedure used for the test plates should 
also be the same as used for the penstock. 

All fabrication, testing and installation 
work on penstocks should be subject to 
rigid inspection by qualified welding in¬ 
spectors to assure construction in accord- 


operations on the pipe. A complete record 
of all inspections and of all weld repairs 
should be maintained, the films marked 
with identification numbers and shipped 
to the project office for safekeeping in 
order to have a record in case of failure. 
The inspector should check the tolerances 
in pipe joints, expansion joints or other 
features which will affect field installa¬ 
tion and fitting. 
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CHAPTER 57 

INDUSTRIAL PIPING* 


INTRODUCTION 

For the purposes of this chapter, the 
Components of welded industrial piping 
systems are considered to be: (1) pipe 
or tubing: (2) welding end valves; (3) 
welding fittings; (4) welding flanges; 
(5) backing or welding rings; (6) elec¬ 
trodes and welding rods. Parts such as 
bolts, gaskets, hangers and insulation are 
not considered herein, since they are com¬ 
mon to all piping systems whether welded 
or not. 

Both ferrous and nonferrous materials 
are currently being utilized in welded pip¬ 
ing systems. Ferrous materials consid¬ 
ered in this chapter are: (1) carbon steel 
and wrought iron; (2) low-alloy steel; 
(3) medium-alloy steel; (4) high-alloy 
steel. Nonferrous materials considered 
are: (1) copper and copper alloys; (2) 
nickel and nickel alloys; (3) aluminum 
and aluminum alloys; (4) lead. 

GOVERNING CODES AND SPECI¬ 
FICATIONS 

Scope of Regulatory Codes 

De sign and construction of welded pip¬ 
ing systems for industrial installations 
should comply with existing codes and 
specifications, all of which are written 
on the basis of minimum requirements for 
safety. Certain applications, however, 
may require more conservative design and 
construction precautions than stipulated 
in these codes. For instance, a particular 
application may necessitate extra allow¬ 
ance for corrosion or erosion, lower 
stresses than specified due to a require¬ 
ment of minimum distortion or creep. 
X-ray or gamma-ray inspection of all 
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joints where the penalty for a leak is 
extraordinary. 

The American Standard Code for 
Pressure Piping (B31.1) deals particularly 
with minimum safety requirements for the 
selection and designation of dimensional 
standards, materials, design, fabrication, 
erection and testing of piping systems. 
The principal purpose of the Code is to 
serve as a guide to state and municipal 
authorities in drawing up their regula¬ 
tions ; also to serve architects, engineers, 
equipment manufacturers and erectors as 
a standard of reference with respect to 
pressure piping. The Code is composed 
of seven sections: Power Piping, Gas 
and Air Piping, Oil Piling. District 
Heating Pi ing. Refrigeration Piping, 
Fabricating Details and Material Identi¬ 
fication. 

1 he ASMK Boiler Construction Code, 
which also covers piping connected 
with boilers, is the only Code which has 
been legally recognized and made manda¬ 
tory by state and municipal authorities. 
Where so recognized, compliance is pre¬ 
requisite to acceptance of the installation 
by the States and Insurance Companies. 
There are nine sections in the Code, of 
which the following have references to in¬ 
dustrial piping: 

(a) Section I, Power Boilers, formu¬ 
lates minimum specifications for the con¬ 
struction of piping directly connected to 
steam power boilers within prescribed 
limits. Where specific rules are not given 
in other sections, the rules in Section 1 
may be used. 

(b) Section VIII, Unfired Pressure 
Vessels, contains rules and computation 

methods for the attachment of piping to 
vessels. 

There has also been prepared by 
joint sponsorship, the API-ASME Code 
for the Design, Construction, Inspection 
and Repair of Unfired Pressure Vessel v 
for Petroleum Liquids and Gases, which 
includes connecting piping. This Code per- 
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mits more liberal design factors than Sec¬ 
tion VIII of the Boiler Code consistent 
with oil refinery practice, but as a safe¬ 
guard this Code includes a mandatory in¬ 
spection and repair schedule. 

Procedure and Welder Qualification 

It is now a generally accepted fact that 
in order to obtain a satisfactory welded 
piping installation it is necessary to first 
establish and qualify a definite welding 
procedure and, second, qualify the neces¬ 
sary welders to carry out that pro¬ 
cedure. The procedure should cover base 
metal specifications, preparation of weld¬ 
ing ends, filler metal, welding technique, 
preheat and postheat temperature. 

A satisfactory procedure having been 
established, the quality of welding will 
then depend on the ability of the welder 
working under proper supervision. Codes 
for qualification of procedure and oper¬ 
ators are as follows : 

The AWS Standard Qualification 
Procedure, published as a separate pam¬ 
phlet, is also contained in Chapter 60 of this 
Handbook. Part I relates to the method 
of qualifying a contemplated welding pro¬ 
cedure and Part II to the method of 
qualifying welders under a satisfactory 
given procedure. The rules apply to both 
manual arc- and gas-welding processes. 

The AS ME Boiler Construction Code, 
Section IX, contains the same sub¬ 
ject matter for application to piping as 
the AWS Standard Qualification Proce¬ 
dure, except that reference is made to 
AS ME (A STM) Material Specifications. 

The American Standard Code for 
Pressure Piping (B31.1) contains in 
Appendix I a form of the AWS Standard 
Qualification Procedure, modified with 
special reference to piping. 

The Heating, Piping and Air Condi¬ 
tioning Contractors National Association 
has formulated standard welding proce¬ 
dures for manual metal arc and oxy- 
acetylene welding of pipe. The National 
Certified Pipe Welding Bureau is an 
affiliate of this Association, having as its 
purpose the administration of welder 
qualification tests in a uniform manner 
in accordance with the Association’s 
standard procedures, and the interchange 
of qualified welders between contractors 
who have adopted the standard pro¬ 
cedures, without the necessity of retest¬ 
ing them. 


When procedures and welders have 
been qualified under Section IX of the 
ASME Boiler Construction Code, such 
interchange of qualified welders, be¬ 
tween employers following identical weld¬ 
ing procedures, is acceptable for piping 
work within the scope of that Code. 

The National Board of Boiler and 
Pressure Vessel Inspectors was organized 
to administer uniformly the rules of the 
ASME Boiler Code. It is composed of 
chief inspectors of States and Municipali¬ 
ties which have adopted the Boiler Code. 
A pamphlet issued by the National Board 
entitled Recommended Rules for Repairs 
by Fusion Welding to Power Boilers and 
Unfired Pressure Vessels (over 15 
pounds pressure) makes reference to seal 
welding and repairs to boiler tubes and 
pipe of low-carbon steels of known weld¬ 
able quality and having a carbon content 
of less than 0.35%. For welding alloy 
steel, reference is made to the ASME 
Code. Appendices are included relating 
to welder qualification tests. No repairs 
by welding may be made without an in¬ 
spector’s approval. 

General Recommendations for High- 
' JAlloy r and Nonferrous Materials 

All of the above codes deal almost ex¬ 
clusively with piping of carbon and low- 
alloy steel. While the ASME Boiler 
Construction Code and the ASA Code 
for Pressure Piping publish allowable 
working stresses which may be utilized 
for determining the minimum permissible 
thickness of some high alloy and copper, 
nickel and aluminum pipe, the designer, 
in general, must depend on the principles 
set forth in these codes governing welded 
steel piping systems for guidance. In the 
case of procedure and welder qualifica¬ 
tions, it is strongly recommended that the 
same type of qualification procedure be 
followed for high alloy and nonferrous 
piping as that which is mandatory for 
materials specifically covered by the codes. 


MATERIALS 
A. Ferrous Materials 
Material and Dimensional Standards 

Dimensional standards, covering carbon 
steel pipe, cast and forged valves, fittings 
and flanges, were onginally developed o 
the hasis that they would be assembled 
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into piping systems by means of mechani¬ 
cal joints. During the past twenty years 
many of these standards have been modi¬ 
fied to take cognizance of the use of weld¬ 
ing. Entirely new dimensional standards 
have been developed for butt-welding and 
socket-welding fittings. These standards 
provide pressure-resisting fittings equal in 
strength to seamless pipe with consider¬ 
able decrease in' weight and space require¬ 
ments over flanged fittings. Complete 
lines of such fittings, made from seamless 
pipe, solid forgings or plate, have been 
developed. 

Simultaneous with the development of 
such dimensional standards by the Ameri¬ 
can Standards Association, ASTM Stand¬ 
ards governing the material requirements 
for pipe, tubing, castings, forgings and 
flanges for piping were either modified to 
provide for their use in welded systems or 
newly created specifically for such use. 
Both the American Society for Testing 
Materials and the American Standards 
Association are currently engaged in 
formulating new standards covering alloy 
steel piping components, under a program 
started in 1930 and somewhat retarded by 
World War II. The concurrent stand¬ 
ardization of electrodes and welding rods 
for the most part has been carried out 
without specific reference to their use in 
welding pipe, but has been helpful. 

Weldability 

The term weldability is used to gener¬ 
ally indicate the relative ease, or diffi¬ 
culty, with which a material can be 
welded. As characteristics appear which 
adversely affect weldability, greater pre¬ 
cautions must be exercised. In the weld¬ 
ing of ferrous piping, the following char¬ 
acteristics should be considered: 

1. Any strong tendency of the base 
metal to crack during the welding opera¬ 
tion or while cooling after welding. 

2. Any major change in mechanical 
properties due to the welding operation. 

3. Any marked change in the metal¬ 
lurgical structure of the base metal as a 
result of the welding operation. 

4. Changes in chemical composition by 
volatilization or reaction with air. 

5* Formation of refractory coating, 
making special fluxes necessary. 

Carbon steel piping materials in the 
carbon ranges and thicknesses usually en¬ 
countered are free from the tendency to 
crack during or after welding, nor do any 


significant changes take place in their me¬ 
chanical properties or metallurgical struc¬ 
ture. When the component parts have a 
thickness of 8 / 4 in. or greater, however, 
there may be some difficulty in obtaining 
welds free from cracks due to the mass of 
metal and the greater rigidity of the parts. 
For this reason, as will be shown below, 
preheating and stress relief are usually 
required when wall thicknesses of this 
order are involved. 

Underbead cracking is a factor of hard- 
enability of the steel, which is determined 
by its chemical composition. In Table 
Q-5 of Section IX of the AS ME Boiler 
Code, some measure of the effect of chemi¬ 
cal composition on weldability is found. 
The simplest carbon steels are grouped in 
the first section {PI) of this table. Their 
carbon contents are limited to 0.55 — 

Mn -f Si, where Mn and Si are, respec- 
4 

lively, the percentages of manganese and 
silicon. The third section {P3) of the 
table contains another group of steels 
with higher maximum contents of carbon 
and manganese, and with carbon limited 
to 0.65 — Mn ~h Si 

4 

A parenthetical note states that experi¬ 
ence has indicated the advisability of pre¬ 
heating up to 350° F. when welding ma¬ 
terials in this group. No comparable 
rules or suggestions are found in other 
portions of 1 able Q-5 dealing with alloy 
steels. However, Pars. P-108 and P-112 
of Section I of the Boiler Code require 
that welded joints be stress relieved by 
uniformly heating to at least 1100° F., 
and up to 1200° F. (or higher if this can 
be done without distortion) for all mate¬ 
rials. Different temperatures may be used 
to obtain proper stress relief as re¬ 
quired by the characteristics of the metal. 
The only exceptions to this requirement 
are that carbon steel and carbon molyb¬ 
denum steel (when the latter contains not 
more than 0.20% C) need not be stress 
relieved when the wall thickness is s / 8 in. 
or less. 

On the other hand, the following spe¬ 
cific requirements regarding preheat and 
stress relief are contained in Pars. 627 
and 628 of the Code for Pressure Piping: 

, , , . . F. is required for 

welded joints 

(a) in carbon steels containing more 
than 0.35% carbon when the wall 
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thickness is 1 /2 in. or greater 
(this combination is rarely found 
in welded pipe systems) ; 

( b ) for all thicknesses of carbon- 
molybdenum steel piping. 

Stress Relief at 1100 to 1250° F. is re¬ 
quired (except where heat treatment 
for reasons other than stress relief 
requires a higher temperature) 

(a) for all carbon steels 3 /4-in. thick or 

thicker; 

(b) for all carbon steels containing in 

excess of. 0.35% carbon regard¬ 
less of thickness; 

(e) for carbon-molybdenum steels when 
the wall thickness is V 2 in. or 
greater. 

Some carbon molybdenum steel pipe has 
been found to be susceptible to graphiti¬ 
zation, the precipitation of free carbon in 
the form of graphite nodules or flakes, 
when subjected to prolonged service at 
temperatures of the order of 900 to 950° 
F. The reasons for varying degrees of 
susceptibility are not yet clearly under¬ 
stood, but it is believed that deoxidation 
practice, forming, subsequent heat treat¬ 
ment and welding influence the extent of 
the occurrence of graphitization. Its 
most serious form is a segregation of 
graphite particles at the extremity of the 
area affected by the heat of welding. It 
is now generally believed that either a 
normalizing treatment consisting of heat¬ 
ing at 1725° F. for 2 hr., followed by slow 
cooling (300° F. per hr.) to 800° F., or 
stress relief at 1300° F. for 4 hr., will re¬ 
tard, if not prevent, the serious type of 
graphitization. It is further believed that 
the normalizing treatment described above 
will partially, though not completely, re¬ 
store the mechanical properties, particu¬ 
larly the ductility, of welded joints in 
which segregation of graphite has begun 
but has not progressed to a serious de¬ 
gree. (For more detailed information 
consult recent volumes of ASME Trans¬ 
actions.) It is believed that carbon mo¬ 
lybdenum steel pipe will not graphitize to 
any serious extent within the usual serv¬ 
ice temperature limits. 

Alloy steels (for which no specific rules 
exist), with the exception of the aus¬ 
tenitic stainless steels, almost invariably 
require preheat and stress relief in order 
to avoid cracking during the welding 
operation or subsequently due to the com¬ 
bined effect of their air-hardening prop¬ 
erties and residual welding stresses. 

The need for preheating, and even more 


important, for postheat treatment is par¬ 
ticularly evident in the case of the chro¬ 
mium bearing steels of the medium and 
high alloy groups, with the possible ex¬ 
ception of the 5% chromium grade when 
stabilized by titanium or columbium addi¬ 
tion. See also Chapter 30, Chromium 
Irons and Steels. (These stabilizers also 
have the effect of materially reducing the 
air-hardening tendency of this steel.) 
Steels having a chromium content ranging 
from 4 to 14% with little or no nickel, are 
decidedly air-hardening and, in addition, 
have suppressed transformation points 
(400 to 700° F.) when cooled from weld¬ 
ing heat. This means that their greatest 
shrinkage, when cooling, takes place at a 
temperature when the metal is no longer 
sufficiently plastic to absorb such shrink¬ 
age without extremely high residual 
stresses being created. Of all the 
steels used in welded piping these are 
probably the most susceptible to crack¬ 
ing during cooling. Ideally, welded joints 
in these materials should be maintained 
uniformly at a temperature above 700° 
F. during the welding operation. Imme¬ 
diately after completion of the weld, the 
entire assembly should be put in an an¬ 
nealing furnace, the temperature raised 
to 1550 to 1650° F. and allowed to cool 
slowly to below 400° F. If the higher 
mechanical properties obtainable by nor¬ 
malizing are desired, the material may 
he withdrawn from the furnace after uni¬ 
formly attaining a temperature of at least 
1550° F. and allowed to cool slowly in 
still air. If furnace heat treatment is not 
practical, local stress relief at a tempera¬ 
ture of 1300 to 1400° F. may be used. It 
is important, when such local stress re¬ 
lief is used, that the heated area be slowly 
cooled to at least 400° F. Local stress 
relief, if performed at proper tempera¬ 
tures, decreases the hardness of the weld 
zones, improves the ductility and relieves 
the stress. Present available evidence in¬ 
dicates that local stress relief will not re¬ 
sult in increased hardness at the edges of 
the heated zone. 

Straight chromium steels containing 
more than 14% chromium fall into 
two distinct classes, those containing 14 
to 18% chromium and those containing 
18 to 30% chromium. Both are known 
as ferritic types, being completely ferritic 
at all temperatures. When welded they 
are subject to excessive grain growth, re¬ 
sulting in brittleness and reduced impact 
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strength at room temperature. Refine¬ 
ment of grain structure cannot be effected 
by heat treatment, but stress relief does 
improve ductility and remove shrinkage 
stresses. 

Preheating at 200 to 400° F. is desir¬ 
able for 14 to 18% chromium steels. 
Stress relief should be performed at 1400 
to 1450° F. followed by slow cooling to 
1000° F. This need not follow immedi¬ 
ately after welding. 

Steels containing 18 to 30% chromium 
are generally not preheated since this 
seems to increase the extent of the area 
in which grain growth occurs. After 
welding they should be heated to 1600 
to 1650° F. for not less than 1 hr. per in. 
of thickness, and then cooled rapidly to 
obtain maximum ductility. When welded 
with 25-12 or 25-20 chromium-nickel 
filler metal, which is frequently employed 
in welding high chromium steels in an 
effort to obtain ductile welds, stress re¬ 
lief at 1450 to 1500° F. gives somewhat 
better results. 

Stress relief of 5 and 9% nickel 
steels is carried out at temperatures rang¬ 
ing from 1050 to 1100° F. in order to 
avoid the lower critical temperature of 
these metals, which have a transforma¬ 
tion point at 1200° F. or slightly higher. 

The mechanical properties of the 
chromium-nickel steels used in piping 
are not affected by heat treatment. How¬ 
ever, those which do not contain stabi¬ 
lizing elements, such as columbium, are 
subject to carbide precipitation as a re¬ 
sult of heating through the range of 800 
to 1600° F. which occurs during welding. 
Since heat treatment of piping assemblies 
to put the carbides back in solution is 
difficult and expensive, stabilized steels 
are usually employed when carbide pre¬ 
cipitation would result in decreased life 
of the material. Nevertheless when stain¬ 
less steels are to be used for high-tem¬ 
perature service, even with stabilizing ele¬ 
ments, it is common practice to employ a 
stabilizing heat treatment consisting of a 
long-time soaking at 1550 to 1600° F. to 
disperse the carbides. There has been 
a limited use of very low carbon (0.03% 
max.) stainless steel either to minimize 
carbide precipitation in the unstabilized 
steels or to reduce the amount of colum¬ 
bium required for stabilization. ’ 

See also Chapter 31, Austenitic Chro¬ 
mium-Nickel Steels. 


Material Designation and Composi¬ 
tion 

Tables la and 4a list the names, ASTM 
specifications and composition of the 
steels in common use as piping materials. 
In addition, these tables show the form 
of the component in which the material 
is available or is occasionally used. Com¬ 
position and form available are also given 
for some steels serving an important but 
limited use for which ASTM standards 
have not yet been developed. 

General Usage, Service Temperature 
Limitations and Welding Require¬ 
ments 

Tables lb to 4 b parallel Tables la 
to 4a and summarize the service condi¬ 
tions to which the various steels are gen¬ 
erally applied, the temperature ranges 
over which they are normally used, the 
filler metals and the preheat and stress 
relief temperatures generally used. The 
filler metals are indicated by AWS- 
ASTM designations where such apply 
and otherwise by the names by which 
they are generally known. 

Allowable Working Stresses and 
Pressures 

The ASME Boiler Code and the ASA 
Code for Pressure Piping establish the 
allowable working stresses for piping at 
temperatures up to 1200 and 1000° F., 
respectively. The allowable stresses in 
the Code for Pressure Piping are depend¬ 
ent also upon the service use. Each of 
the sections of this Code has its own 
tables of allowable stresses for the differ¬ 
ent materials. 

Butt-welding and socket-welding fit¬ 
tings conforming to ASA B16.9, and 
B16.ll, respectively, must have a burst¬ 
ing strength equal to the theoretical 
bursting strength of the pipe with which 
they are used. Hence it is permissible to 
use the same working stresses as for the 
pipe in determining their allowable work¬ 
ing pressures. 

Allowable working pressures at differ¬ 
ent temperatures for valves and flanges 
for welding into piping systems are pub¬ 
lished in the American Standard for Steel 
Pipe Flanges and Flanged Fittings (ASA 
B16e). 

In applying those materials for which 
the codes give working stresses, the per¬ 
missible temperature will be governed by 
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Table lb—Welding and Service Conditions for Carbon Steel Piping 
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the service conditions. The codes or 
standards are not to be interpreted to 
mean that the materials may be safely 
used under all service conditions within 
the temperature ranges they give, nor 
that the materials cannot be safely em¬ 
ployed beyond these temperature ranges. 
In selecting materials, the designing en¬ 
gineer should take into account all oper¬ 
ating conditions affecting the adequacy of 
the piping material. When designing for 
service temperatures beyond those for 
which the codes have established working 
stresses, it is advisable to request of the 
appropriate code-making body a ruling on 
what allowable working stresses should 
be employed. 

Backing (Welding) Rings 

Backing rings, or welding rings, are ex¬ 
tensively employed in ferrous piping sys¬ 
tems. No dimensional standards exist for 
such rings although recommended prac¬ 
tice is covered in the Code for Pressure 
Piping. Since their use is mainly con¬ 
fined to carbon and low-alloy steel pip¬ 
ing. they are generally made of a mild 
carbon steel having a maximum carbon 
content of 0.20% and a maximum sulfur 
content of 0.05%. The latter require¬ 
ment is especially important since high 
sulfur in deposited weld metal (which 
could be created by an excessive sulfur 
content in such rings) may cause weld 
cracks. In a few types of service, such 
as food processing and chemical process¬ 
ing, the requirement of a completely 
smooth inside surface may prevent the use 
of backing rings or require their removal 
after welding. Disturbance to flow and 
the slight additional pressure loss caused 
by these rings may be a factor in special 
cases. (See also page 1356.) 

B. Nonferrous Materials 

Under the heading of Nonferrous Ma¬ 
terials, the metals used in welded piping 
systems may be grouped as follows: 

1. Copper and copper alloys (includes 

red brass, yellow brass, silicon 
bronze and copper-nickel.) 

2. Nickel and nickel alloys (includes 

Monel and Inconel.) 

3. Aluminum and aluminum alloys. 

4. Lead. 

Material and Dimensional Standards 

While there are a number of ASTM 


standards covering pipe or tubing for the 
first three groups, these standards have 
been created without specific reference to 
the means used in assembling them into 
piping systems. ASTM Standard Speci¬ 
fications for Copper Pipe, Standard Sizes 
(B42) and Standard Specifications for 
Red Brass Pipe, Standard Sizes (B43), 
contain dimensional tables for regular and 
extra strong pipe which correspond to 
standard weight and extra-strong iron 
pipe size and dimensions. ASTM stand¬ 
ards also exist for some alloy castings 
and, in the case of copper alloys, stand¬ 
ards specifically intended for use in manu¬ 
facturing valves and fittings. These 
standards likewise contemplate the use 
of mechanical rather than welded joints. 

There are no American Standards reg¬ 
ulating the dimensions of nonferrous 
pipe, valves, fittings and flanges other 
than those for screwed brass fittings and 
for brass soldered-joint fittings. Since 
the nickel and aluminum groups are used 
mainly for corrosion resistance, avoidance 
of fluid contamination or sanitary reasons, 
usually under mild conditions of pressure 
and temperature, the practice has been to 
construct valves, fittings and flanges to 
the dimensional standards used by manu¬ 
facturers of comparable brass components. 

Valves of the copper and nickel groups 
are frequently soldered or brazed into 
piping systems but are seldom welded. 
On the other hand, extensive use of 
welding fittings of all four metal groups 
is common. In the case of all but lead, 
such nonferrous welding fittings are often 
made to the same dimensions as iron pipe 
size wrought carbon steel butt welding 
fittings (ASA B16.9). Because of the 
greater cost of these metals and the rela¬ 
tively mild pressure-temperature service 
conditions to which they are generally ap¬ 
plied, such fittings and the pipe to which 
they are welded are more commonly made 
with considerably less wall thickness than 
their carbon steel counterparts. In other 
instances, and for the same reasons, tub¬ 
ing having different outside diameters 
than pipe but with even thinner walls 
than lightweight pipe and matching fit¬ 
tings are employed. These types of con¬ 
struction generally involve the use of 
transition/ pieces or adapters to permit 
connection to screwed and sometimes to 
brazed end valves and other pieces of 
apparatus. 
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APPLICATIONS 


Weldability 

General .—Whereas the weldability 
characteristics of ferrous piping materials 
are related primarily to their tendency to 
crack during the welding operation or 
during the subsequent cooling period, and 
to a lesser but highly important degree to 
their state of internal stress as a result 
of welding, neither of these characteristics 
is usually of major importance with non- 
ferrous materials- In general, nonfer- 
rous metals, unlike some steels, do not 
tend to harden on cooling in air from the 
welding temperature, nor do they have 
suppressed transformations at tempera¬ 
tures below the plastic range, accompa¬ 
nied by appreciable volumetric changes. 
Thus, even though the ductility of the de¬ 
posited metal is lower than the base 
metal, the danger of cracking is usually 
remote and the residual stress condition 
not sufficient to warrant concern over pos¬ 
sible stress-corrosion effects. Again, in 
none of the nonferrous piping materials is 
there any comparable condition to that 
caused by the welding heat in unstabilized 
austenitic stainless steels which might 
bring about carbide precipitation. Hence 
there is usually no necessity for subse¬ 
quent stress relief or other heat treatment 
after welding, except such as may be re¬ 
quired by the AS ME Boiler Code. 

Copper and Copper Alloys (see also 
Chapter 34).—The chemical composition, 
high heat conductivity and high fluidity, 
when molten, of copper and copper alloys 
have considerable bearing on their weld¬ 
ability. Oxygen-bearing, electrolytic or 
tough-pitch copper is susceptible to oxide 
embrittlement when welded or heated 
above 1292° F. in an atmosphere carrying 
hydrogen, hence it is not usually recom¬ 
mended for arc and gas welding. It can, 
however, be readily soft soldered and 
can be brazed provided a silver braz¬ 
ing alloy having a flow point less 
than 1292° F. is used and the brazing 
temperature is carefully controlled. De¬ 
oxidized copper, or oxygen-free copper, 
on the other hand, can be satisfactorily 
gas welded, soldered or brazed in any 
position. Owing to the high fluidity of 
molten deoxidized copper, arc and gas 
welds must be made with suitable back¬ 
ing rings. All-position welding by oxy- 
acetylene or inert-gas metal-arc welding 
is possible, but quite difficult. Since 
piping installations involve all-position 


welding, soldering or brazing are the 
processes commonly used. Because of 
the high heat conductivity of copper, it is 
usually necessary to preheat when welding 
large diameter or unusually heavy pipe. 
Deoxidized or oxygen-free copper pipe 
and tubing have been standardized. Oxy¬ 
gen-bearing electrolytic or tough-pitch 
copper seamless tubes are available only 
on special order and their use is generally 
discouraged. 

Oxy-acetylene welding of red brass and 
yellow brass can be satisfactorily accom¬ 
plished in all positions with suitable 
backing rings. Shielded metal-arc, car¬ 
bon arc and inert-gas metal-arc welding 
are not usually employed as the high heat 
intensity of the arc causes vaporization of 
the zinc content in the metal and sweating 
out and oxidation of any lead that may be 
present. All-position welding of brass is 
possible using the oxy-acetylene process. 
However, soldering or brazing are more 
generally employed. When welding is at¬ 
tempted, preheating of large diameter and 
heavy wall pipe is usually necessary. Be¬ 
cause of adverse experience encountered 
with dezincification of yellow brass pipe 
and tubing, red brass has been generally 
used and yellow brass pipe and tubing are 
usually available only on special order. 

Copper-silicon alloys have a heat con¬ 
ductivity approaching that of steel, and 
are readily controllable when molten due 
to a glass-like slag which forms on the 
surface of the molten pool. They do not 
have any chemical constituents which 
easily vaporize, hence they are more 
easily welded than any of the other cop¬ 
per alloys used in piping. The copper- 
silicon alloys can be welded by means of 
the oxy-acetylene, inert-gas metal-arc and 
carbon-arc processes. Shielded metal-arc 
welding can also be used if suitable 
covered electrodes are available. Welds 
can be readily made in the flat and verti¬ 
cal positions; the overhead position is 
more difficult. Backing rings are not re¬ 
quired although they are sometimes used. 

Of the process mentioned, inert-gas 
metal-arc welding is the most popular be¬ 
cause of the soundness and ductility o 
the welds obtained. 

The principal copper-nickel alloy used 
for pipe and tubing is that known as 
30, in which the numbers indicate the 
proportions of copper and nickel, respec 
tively. Other cupro-nickels with lower 
nickel proportions are available. Cupro- 
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nickel, 70-30, offers superior resistance to 
the corrosive action of sea water, hence 
finds its widest use for water pipe and 
condenser tubes on ships. The most suit¬ 
able process for welding this alloy is 
shielded metal-arc welding. Inert-gas 
metal-arc welding and oxy-acetylene 
welding, using a special silicon-bearing 
welding rod have also been used success¬ 
fully. While 70—30 cupro-nickel is one of 
the most readily weldable copper-base al¬ 
loys, cracking due to hot shortness may at 
times be encountered. Brazing with silver 
alloys is also utilized extensively. How¬ 
ever, care must be exercised to select a 
brazing alloy with a low flow point to 
prevent intergranular penetration, which 
might occur at high temperatures if the 
base metal happens to contain residual 
stresses set up during forming, etc. 

Nickel and Nickel Alloys (see also 
Chapter 35).—This group of metals be¬ 
haves similar to mild carbon steel and can 
be welded by the same processes that are 
used for steel, although sometimes with 
slight modification of the procedures and 
techniques. Pure nickel has a narrow 
solidification range and as a result has a 
tendency to trap gas. The weld metal of 
nickel and most of its alloys is very slug¬ 
gish on deposition. In all cases it is 
necessary to remove any surface oxide, 
preferably followed by washing with car¬ 
bon tetrachloride to obtain freedom from 
porosity. Satisfactory welding of cast 
Monel to wrought Monel or cast Monel 
to wrought steel is very difficult, as 
cracking will often occur in the cast 
parts; hence, the welding of cast Monel 
to wrought material should be avoided 
when possible. 

Aluminum and Aluminum Alloys (see 
also Chapter 32).—This group of metals, 
from the standpoint of weldability, is 
characterized chiefly by their low melt¬ 
ing points (1075 to 1210° F.), high heat 
conductivity and fluidity when molten. 
Thus, training and experience are neces¬ 
sary before production welding should be 
attempted. While aluminum and alumi¬ 
num alloys can be joined by any of the 
commercial welding and brazing proc¬ 
esses, those most commonly employed 
are the inert-gas metal-arc, oxy-hydro- 
gen and oxy-acetylene processes. Alumi¬ 
num and aluminum alloy piping and tub¬ 
ing are generally supplied in either a 
work-hardened or precipitation-hardened 


condition (obtained by cold-working or 
heat treatment depending upon the alloy) 
which gives the material greater strength. 
The welding operation softens the metal 
for a distance of 1 to 5 times the pipe 
thickness on either side of the weld and 
materially reduces the tensile strength in 
this zone. It is impractical to restore the 
original strength of fabricated assemblies 
by subsequent cold work or heat treat¬ 
ment. In spite of this, it is desirable to 
use cold-worked or heat-treated pipe to 
obtain increased resistance to denting or 
bending in handling and erecting. Addi¬ 
tionally, there are indications that the 
bursting strength of pipe joined by cir¬ 
cumferential butt welds is not reduced 
from that of unwelded pipe to the extent 
that might be expected based on the ac¬ 
tual local strength of the joint after weld¬ 
ing. Commercially pure aluminum and 
aluminum alloyed with 5% silicon are the 
only filler metals presently employed. In 
the case of the latter, lower ductility of 
the deposited metal compared with that 
of the wrought base metal can be ex¬ 
pected. Because of the high fluidity of 
this group of metals, backing rings should 
be employed wherever possible. 

Lead and Lead Alloys (see also Chapter 
36).—The satisfactory welding (errone¬ 
ously called burning) of these metals re¬ 
quires a high degree of manual skill 
which is acquired only after long practice. 
This is due to their low-melting tempera¬ 
tures and high fluidity. 

The oxy-hydrogen process is in most 
common use. The oxy-acetylene process 
is not generally used for wall thicknesses 
below Vs in., as this mixture of gases de¬ 
velops too high a temperature for weld¬ 
ing thin sections. Air-hydrogen, air- 
acetylene, oxy-city gas, etc., may be used 
but should be avoided if oxy-hydrogen is 
available. 

Provision for adequate ventilation 
should be made where lead is to be welded 
in closely confined quarters, to avoid the 
toxic effects of lead fumes. 

Material Designation and Composi¬ 
tion 

Tables 5a to 8a list the names, A STM 
Specification, if any, and composition of 
the nonferrous materials in common use 
as piping materials. The tables also show 
the form of the component in which the 
material is available or occasionally used. 
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General Usage, Service Temperature 

Limitations and Welding Require¬ 
ments 

Tables 5 b to 8 b parallel Tables 5a 
to 8a and summarize the service condi¬ 
tions to which the various materials listed 
are generally applied, the temperature 
ranges over which they are normally used 
and the filler metals commonly used with 
each base material. 

Allowable Working Stresses and Pres¬ 
sures 

Allowable working stresses for copper 
and brass pipe and tubing and (by infer¬ 
ence) wrought welding fittings made 
from these materials are published in Sec¬ 
tion VIII of the ASME Boiler Code, and 
also in the ASA Code for Pressure Pip¬ 
ing in each major subdivision thereof. 
Section VIII also establishes allowable 
working stresses at various temperatures 
for copper-nickel, nickel and nickel alloy 
pipe as well as copper-silicon shapes and 
Types 2S and 3S aluminum sheet. The 
allowable working stresses at room tem¬ 
perature also can be used at lower tem¬ 
peratures. Practically all of the non- 
ferrous metals and alloys retain their 
toughness, hence their ability to resist 
shock and impact, down to temperatures 
at least as low as —320°F.; thus, they 
are frequently employed for sub-zero 
services in preference to all but the nickel 
and austenitic stainless steel alloys. The 
allowable working stress for materials not 
covered by the codes should be either 
one-fourth of their ultimate strength at 
the operating temperatures, or the stress 
required to produce 1% creep in 100,000 
hr. at the operating temperature, which¬ 
ever is lower, unless the piping falls under 
the jurisdiction of Section I of the 
ASME Boiler Code or the Power or Dis¬ 
trict Heating Sections of the Piping 
Code. In these cases, the allowable stress 
is one-fifth the ultimate strength or 80% 
of the stress producing 1% creep in 100,- 
000 hr. at the operating temperature. For 
Boiler Code piping it is necessary to ob- 
*n the actual allowable stress from the 
ASME Boiler Code Committee. For pip¬ 
ing under the jurisdiction of the Code for 
ressure Piping, it is recommended that 
application be made to the Piping Code 
Committee for the allowable working 
stress, particularly for service tempera¬ 
tures above 200 °F. This is because most 


nonferrous metals, except nickel alloys, 
begin to exhibit appreciable creep at 
about 200°F. 

Allowable pressure ratings for non- 
ferrous components other than pipe and 
wrought butt-welding fittings must be ob¬ 
tained from the manufacturers since there 
are no American Standards covering 
them. 

Backing (Welding) Rings ' 

The use of backing rings is often im¬ 
possible in piping services where corro¬ 
sion, fluid contamination or sanitary re¬ 
quirements dictate the use of nonferrous 
materials. When the service is such that 
backing rings will not produce harmful 
conditions, for example, where the non- 
ferrous material is used only because of 
its superior low-temperature properties, 
such rings will aid materially in economi¬ 
cally producing sound welds. When back¬ 
ing rings are employed, they should be 
made of material having substantially the 
same chemical composition as the pipe. 
The only exception to this rule is found 
in those cases where it is possible to em¬ 
ploy rings of high melting point material 
which are removed from the joint after 
its completion. 

DESIGN 

Groove Welds 

Simple Butt Joints. —The most common 
type of joint employed in the fabrication 
of welded pipe systems is the circumfer¬ 
ential butt joint. It is the most satisfac¬ 
tory from the standpoint of stress distri¬ 
bution. Its general field of application is 
pipe to pipe, pipe to flanges, pipe to valve 
and pipe to fitting joints. Butt joints 
may be used for all sizes, but fillet-welded 
joints can often be used to advantage for 
pipe 3 in. and smaller in diameter. 

While there are no universally accepted 
welding grooves, the bevels shown in Fig. 

1 are now considered for all practical 
purposes as standard for industrial piping. 
These bevels appear in the American 
Standard for Steel Pip e Flanges and 
Flanged Fittings, ASA B16e, and in the 
American Standard for Butt Welding 
Fittings, ASA B16.9, as recommended 
practice and much of the piping fabri¬ 
cated since publication of ASA B16e has 
been furnished with one or the other of 
them. For oxy-acetylene welding there 
is some preference for a 75- or even a 
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60-deg. groove angle for all pipe thick¬ 
nesses, and some fabricators, particularly 
those using the forehand techniques, pre¬ 
fer a 90-deg. groove angle. 

Butt Joints Between Unequal Thick¬ 
nesses .—When pipes or vessels of un¬ 
equal wall thickness are to be welded, 
care should be taken to provide a smooth 
taper on the edge of the thicker mem¬ 
ber. The length of the taper should be at 
least 4 times the offset between the pipe 
or vessel thicknesses, as outlined in Par. 
PI 04(d) and Par. U-72(e) of the AS ME 
Pozvcr Boiler Code and Unfired Pressure 
Vessel Code, respectively. The two meth¬ 
ods of alignment which are recommended 
are shown in Fig. 2. 



Standard U-Bevel of Welding Ends 
for Thickness Greater than i"- 


For Arc or Oxy-Acetylene Welding 



Standard Straight Bevel of Welding Ends 
■for Thickness re" to Inclusive. 

Not Recommended for Oxy-Acetylene Welding 

Fig. 1.—Commonly Used Edge Preparations 

for Pipe Welding 


The wall thickness of cast steel fit¬ 
tings and valve bodies is normally greater 
than that of the pipe to which they are 
joined. In order to provide equal thick¬ 
nesses for welding, the AS ME Pozver 
Boiler Code permits the machining of 
the cylindrical ends of cast steel fittings 
and valve bodies to the nominal wall 
thickness of the adjoining pipe, provided 
these areas are finish-machined both in¬ 
side and outside and are carefully in¬ 
spected. The machined ends may be ex¬ 
tended back in any manner provided the 


longitudinal section comes within the 
maximum slope line indicated in Fig. 2. 
The transition from the pipe to the fit¬ 
ting or valve end at the joint must be 
such as to avoid sharp re-entrant angles 
and abrupt changes in slope. 

Fillet Welds 

Circumferential fillet-welded joints are 
generally used for joining pipe to pipe, 
pipe to flanges, pipe to valves and pipe 
to socket joints in the smaller sizes—i.e., 
about 3 in. and under. This type of joint 
is particularly suited for these applica¬ 
tions because it accomplishes in small¬ 
sized pipes, without backing rings and 
without restricting fluid flow, what is 
accomplished in large-size pipe by the use 
of backing rings. The fact that a back¬ 
ing ring appreciably reduces the internal 
area of small-diameter pipe precludes its 
general use in that field. Figure 3 illus¬ 
trates three typical fillet-welded joints. 
Since this type of weld is subjected to 
shearing and bending stresses, adequate 
penetration of the pieces being joined is 
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ly important with the socket joint sin 
danger of washing dozvn the end 
hub may obscure, by reason of lair 
learance, the lack of a full and sound 
,t weld. This condition is one which 
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cannot be detected in the finished weld by 
the usual visual inspection aids. 

Intersection Type Joints 

Intersection joints such as medium and 
large size welded tees, laterals, wyes, open¬ 
ings in vessels, etc., are usually the most 
difficult to weld. In consequence, factory- 
made wrought steel fittings conforming to 
ASTM Specification A-234, Factory- 
Made Wrought Carbon-Steel and Carbon- 
Molybdenum-Steel Welding Fittings, are 
preferred for accomplishing the layout of 
the piping system, since they provide 
bursting strengths equivalent to that of 
pipe of the same weight or schedule, and 
their installation involves butt welds only. 
Machines for oxygen cutting and bevel¬ 
ing header openings and branch ends are 
available, but not in general use. Cutting 
and beveling is usually done manually 
with an oxy-acetylene cutting torch. 
Figure 4 illustrates two forms of prepa¬ 
ration for 90-deg. intersection joints. In 
one, the header opening is sufficient to 
permit insertion of the branch, and the 
header opening only is beveled. In the 
other, the header opening is equal to the 
inside diameter of the branch, and the 
branch only is beveled. The latter form 
permits the use of a specially shaped 
backing ring if desired. Unreinforced 
branches, as illustrated in Fig. 4, are ade¬ 
quate only where the pipe is to be used 
at pressures considerably below its full 
capacity, usually between 50 and 757c of 
the pressure which the run of the pipe 
can safely withstand. In order to make 
intersections equivalent in strength 
to the pipe from which they are fabri¬ 
cated, reinforcing is required. The de¬ 
sign of such reinforcing is beyond the 
scope of this Chapter. Reference should 
be made to Par. 634(c) of the ASA Code 

cT P T essttr * Pi P' n 9 or Chapter 5 of the 
Standard Manual on Pipe Welding of the 

Seating, Piping and Air Conditioning 
J}^ rac f ors National Association, 
he intersection of two pipes at an 
angle of 45 deg. or less produces a con- 
V°n a * the crotch of the intersection 
'v ic makes it difficult, if not impossible, 

° secure the degree of penetration and 
s oundne ss of weld deposit that is con- 
si ered essential for severe service condi¬ 
tions. Such intersection welds should be 
voided for service where the pressure 
a Pproximately 125 psi. Piping 
nouid be designed, whenever it is at all 
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possible, so that all intersection joints re¬ 
gardless of angle can be made under shop 
conditions, where work can be positioned 
for welding in the flat position. 

Manufacturers today have simplified 
the problems of the fabricator by provid¬ 
ing factory-made welding type nozzles, 
welding necks and welding tees, and other 
types of outlets especially for welding 
which eliminate a great deal of the cut¬ 
ting, tacking and fitting previously re¬ 
quired in this type of construction. Typi¬ 
cal nozzle, neck and welding outlets which 
can be used for almost all ranges of sizes 
are shown in Fig. 5. 

Welding Fittings 

Manufacturers have kept pace with de¬ 
sign for welding by providing a line of 
fittings especially for welding and avail¬ 
able in most grades of material suitable 



The term backing ring is applied to a 
ring-shaped structure which is fitted to 
the inside surface of the pipe prior to 
welding. Its function is to assist the 
welder in securing complete penetration 
without burning through, to prevent spat¬ 
ter and slag from entering the pipe at 
the joint, and to prevent the formation 
on the inside of the joint of irregular 
shaped masses of metal, sometimes called 
icicles or grapes. 

Backing rings also assist materially in 
securing proper alignment of the pipe 
ends. They are used extensively in the 
welding of piping for severe service con¬ 
ditions, where internal cleaning cannot 
be carried out subsequent to welding and 
where the elimination of spatter is essen¬ 
tial for the protection of valves, turbine 
blading, gears, etc. 
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Fig. S.—Typical Nozzle, Neck and Welding Outlets 


for welding. These fittings can be ob¬ 
tained in many combinations of size and 
thickness, and combining the best charac¬ 
teristics for unimpaired flow conditions 
with ease of welding and ready procure¬ 
ment, they make the use of mitred con¬ 
struction obsolete. Some typical fittings 
for welding are shown in Fig. 6. Manu¬ 
facturers’ catalogs should be consulted for 
further details and dimensions. 

Welding flanges are also available in 
either the socket, slip-on, lap-joint type 
for use with welding stub ends or butt- 
joint type. These are shown in Fig. 7. 
The use of slip-on and socket types is 
usually restricted to services not exceed¬ 
ing 300 psi., since the applicable ASA 
Standard (B16e) does not include slip-on 
flanges for pressure ratings above 300 psi. 
and does not include socket weld flanges 
at all. Butt-joint and lap-joint types for 
use with welding stub ends are not sub¬ 
ject to such restrictions. 


Many different shapes of backing ring 
are used, as well as a special type end 
preparation in which a lip is formed and 
subsequently rolled inward, designed to 
serve as a substitute for a separate ring. 
The fact that so many designs are being 
used is indicative of the lack of agree¬ 
ment among engineers as to what con¬ 
stitutes an acceptable ring, and seems to 
justify a somewhat detailed discussion of 
the subject. 

It is convenient to classify backing 
rings as two types: split or continuous. 
Split rings are, in general, designed to fit 
the inside diameter of the members to be 
joined without any preparation of these 
parts to receive the rings. The outstand¬ 
ing characteristic of such rings is that e 
ing split, they may be slightly contracte 
or expanded to fit the inside, diameter 
snugly. Because of the variation in i 
ameter of commercial piping, it is impos 
sible to make such rings to dimension 
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which will fit all pipes of a given size and 
weight without having a rather large 
gap when the pipe variation is at a maxi¬ 
mum (on the large side) or without cut- 
ing the ring to make it fit when the pipe 
variation is at a minimum (on the small 
side). The usual commercial practice is 
to make the rings of dimensions such that 
the p p will be 7i« to */ 4 in. for pipe of 
nominal dimensions. When the two pipe 
ends are not of the same inside diameter, 


type of backing ring, commonly termed 
continuous rings . 

The use of continuous rings requires 
that the pipe ends be specially prepared by 
machining, grinding, flaring and in some 
cases by upset forging or by building 
them up with weld metal. Since prepara¬ 
tion of the pipe ends is an added expense 
and since the rings themselves are more 
expensive than the split type, their use 
is generally restricted to piping systems 
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Fig. 6.—-Typical Manufactured Welding Fittings 


split rings will fit snugly only against the 
smaller of the two pipes, and there will 
be a gap between the ring and the inside 
wall of the larger pipe. This condition is 
not considered serious in the welding of 
piping for moderate service conditions. 
However, the desire to provide a design 
which would insure a snug fit between 
n ng and pipe ends, even when the pipe 
ends are of slightly different diameters, 
has led to the introduction of a second 


designed for the most severe service con¬ 
ditions. Typical joint designs using back¬ 
ing rings are illustrated in Fig. 8. 

The outer surface of backing rings, 
namely, that which bears against the in¬ 
side wall of the pipe, is provided in vari¬ 
ous forms. Split rings are provided with 
flat, ridged and grooved surfaces, con¬ 
tinuous rings with flat and grooved sur¬ 
faces (see Fig. 8). The flat surface was 
the original form and is still considered 
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by some as the best for arc welding. The 
grooved surface was found necessary for 
gas welding and is now considered by 
many as superior to the flat surface for 
arc welding. The ridged surface was in¬ 
tended to provide a means for properly 
spacing the pipe ends. It does that, but 
at the expense of making it difficult, if not 
impossible, to secure complete penetra¬ 
tion, and is not now used to any great 
extent. 

It is generally agreed that the ring 
thickness should be the least possible in 
order to minimize the pressure drop. It 
is recognized, also, that the required 
thickness is related to the root opening. 
For root openings of approximately 3 /ie 
in., which are most commonly employed, 
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Fig. 7.—Typical Welding Flanges 


experience indicates that a Vs in. thick¬ 
ness is about the minimum which will 
permit complete fusion of the weld root 
without burning through the ring. 

Various widths of backing rings have 
been used, but there seems to be general 
agreement now that V* in. is satisfactory 
for all except very small or very large 
pipe sizes. For pipe sizes exceeding 12 
in., a 1 in. width is common. For pipe 
sizes 3 in. and smaller, a 8 /s in. width is 
sometimes used in order to provide a bet¬ 
ter fit in welding elbows. 

Correct spacing in abutting pipe ends 
is of paramount importance in assuring 
sound welds. One way of accomplishing 
the proper spacing is to apply clamps, but 


these are heavy and costly to use. The 
tapered continuous ring illustrated in Fig. 
8 automatically, by its design, provides 
the desired spacing. The split ring hav¬ 
ing a ridged surface also provides the de¬ 
sired space but, as mentioned previously, 
is not now in general use. Rings with 
flat or grooved surfaces may readily be 
made to provide the desired root open¬ 
ing by utilizing spacing pins. Two meth¬ 
ods of attaching such pins have been used. 
One method involves drilling holes 
around the circumference (3 holes, 120 
deg. apart; seem adequate) and either in¬ 
serting loose pins, which may be removed 
.after the joint is tacked, or solidly at¬ 
taching either short or long pins. If the 
pins are short, say, not over V™ in. long, 
they may be welded over with assurance 
that they will be thoroughly fused into 
the first pass of weld metal. If the pins 
are long, they must be removed to within 
approximately Vio in. of the ring after 
the joint has been tacked. The second 
method utilizes long pins, resistance 
welded to the surface of the ring. The 
resistance weld is controlled so as to per¬ 
mit breaking off the pin, at the ring sur¬ 
face, after the ring has been tacked in 
place. 

Brazed Joints 

Some form of the lap or shear type 
joint generally is necessary for brazing 
of connecting pipe to permit capillary at¬ 
traction, which is a factor. Square- 
groove butt joints may be brazed but the 
results will be unreliable unless the ends 
of the pipe or tube are prepared accu¬ 
rately, i.e., plane and square, and the joint 
aligned carefully as in a jig. High 
strengths may be obtained with butt joints 
if properly prepared and brazed. 

The alloys generally used in brazing 
exhibit their greatest strength when the 
least thickness of the alloy in the lap area 
is used; thin alloy sections also develop 
the highest ductility. For brazing fer¬ 
rous and nonferrous piping with silver 
and copper-base brazing alloys, the thick¬ 
ness of the brazing alloy in the joint 
should be 0.003 to 0.006 inch. Thick¬ 
nesses less than 0.003 in. will make as¬ 
sembly difficult, while those greater than 
0.006 in. will produce joints having low¬ 
ered strength. The brazing of certain 
aluminum alloys is similar in most re¬ 
spects to the brazing of other materials. 
However, joint clearances should be 
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greater because of a somewhat more slug¬ 
gish flow of the brazing alloys. For 
aluminum a clearance of 0.005 to 0.010 in. 
will be found satisfactory. 

The length of lap in a joint, together 
with the shear strength of the alloy em¬ 
ployed, are the principal factors determin¬ 
ing the strength of a brazed joint. The 
shear strength may be calculated by mul¬ 
tiplying the width by the length of lap 
by the shear stress of the alloy used. An 
empirical method of determining the lap 
distance is to take it as twice the thick¬ 
ness of the thinner or weaker member 
joined. Normally, this will give adequate 
strength, but in cases of doubt the funda¬ 
mental calculations should be employed. 

Generally, such detailed determina¬ 
tions are unnecessary for brazed piping 
since commercial fittings are available in 
which the length of lap is predetermined 


phosphorus or the copper-phosphorus type 
of brazing alloy is employed with copper 
and brass pipe. For malleable fittings 
with ferrous piping the brazing alloy 
should be of the silver-copper-cadmium- 
zinc type. Brass filler metal (60% Cu- 
40% Zn) of the type commonly employed 
in braze-welding may also be used with 
these ferrous fittings and pipe. 

Cleanliness of the brazing area is an 
important consideration in brazing pipe 
joints. Therefore the pipe and fitting 
must be thoroughly cleaned with steel- 
wool, sandpaper, emery cloth or with a 
power-wire brush. Following the clean¬ 
ing, brazing flux suitable for the brazing 
alloy to be employed must be applied to 
both the fitting and the pipe in the braze 
area. After assembling the cleaned and 
fluxed pipe and fitting, heating may be 
accomplished with an oxy-acetylene flame 




Continuous Type 





Split Type 

Fig. 8.—Typical Backing Rings 



Ridged 


at a safe value. One such fitting for 
brass and copper pipe is made of cast 
brass. A bore of correct depth to accept 
the pipe is provided and midway down this 
bore is a groove into which, at the time of 
manufacture, a ring of copper-silver-phos¬ 
phorus brazing alloy is inserted. Since 
the alloy is preplaced, separate feeding of 
brazing alloy by hand is generally un¬ 
necessary. 

Another type of brazing fitting avail¬ 
able for pipe, is provided with a simple 
bore of correct diameter and depth. 
Brazing with this fitting requires feeding 
of the alloy from a hand-held wire or 
strip. This fitting is available in brass 
and malleable iron, the former for use 
with copper and brass pipe, the latter 
with steel and wrought-iron pipe. In the 
case of the brass fitting, the copper-silver- 


or other flames that will provide the 
necessary heat and temperature for effect¬ 
ing the melting and flowing of the braz¬ 
ing alloy. Chapter 22 contains more de¬ 
tailed information on brazing. 

Soft Soldered Joints 

Soft solder is generally an alloy of lead 
and tin in various proportions, depend¬ 
ing upon the type of soldering to be per¬ 
formed. Other metals (e.g., silver, cad¬ 
mium, etc.) may be added for specific 
properties. Generally speaking, the stand¬ 
ard 50-50 solder (50% Pb — 50% Sn) is 
used in making soldered joints, while the 
higher lead alloys are used for wiped 
joints. 

Solder is characterized by intrinsically 
low strength as compared with welding 
and brazing filler metals. As a result, 
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soldered butt joints are rarely used and 
instead the lap or shear type joint is em¬ 
ployed. As in the case of brazing, the 
thinner the cross-section of solder (within 
practical limits) the stronger the joint. 
Best current practice requires that joint 
clearances be of the order of 0.003 to 
0.006 inch. The strength of joints, in 
terms of base metal strength, may be cal¬ 
culated using the shear strength of the 
particular solder employed. 

Soldered connections in piping are used 
principally on brass and copper tubing. 
For this service a number of fittings are 
available (ells, tees, etc.), some wrought 
copper, others cast brass, but all specifi¬ 
cally designed for soldering. The bores 
of these fittings provide the proper clear¬ 
ance for the tubing. If annealed tubing 
is used and it is out of shape or size, tools 
are available for reshaping and resizing it. 

Another application of soldering to pip¬ 
ing is for sealing threaded joints. In this 
case the solder is not expected to provide 
any strength but merely seals the threads 
to ensure against leakage. The threaded 
joint is made up in the usual manner and 
solder is applied at the juncture of the 
pipe and fitting in the form of a fillet. 
Chapter 23 contains further information 
on soft soldering. 

Lead Welded Joints 

The design of joints for welding (some¬ 
times erroneously called lead burning) 
lead pipe joints is essentially the same as 
for other forms of welding. For thick¬ 
nesses less than 3 /to in. the square-groove 
butt joint is employed. Thicknesses 
greater than 3 /i 0 in. require beveling to 
an angle of 10 to 15 deg. to give a groove 
angle of 20 to 30 degrees. The pipe ends 
are first cut square and then beveled. A 
typical single-vee groove butt joint for 
lead pipe is shown in Fig. 9. 

Other types of joints are sometimes 
employed under special conditions. One 
of these is the cup joint, illustrated in 
Fig. 10, which is similar to a bell and 
spigot joint as used in cast iron. Still 
another special type joint is the welded 
flange joint pictured in Fig. 11. In this 
joint a fillet weld is employed. Since 
lead is a soft metal these joints may be 
prepared readily with simple hand tools. 

Occasionally situations will be en¬ 
countered where the under side of the 
pipe joint will be inaccessible for weld¬ 
ing. In metals other than lead such con- 



Fig. 9.—Butt Joint for Lead Pipe 


ditions should be avoided by careful field 
planning. In welding lead pipe, however, 
the solution is relatively simple by use of 
a split joint as shown in Fig. 12. Such 
manipulation is possible with lead be¬ 
cause of its extreme ductility. 

Cleaning the joint before welding lead 
is very important. The edges and about 
V 2 in. on each side should be scraped with 
a scraper and welding should proceed 



Fig. 10.—Cup Joint Fig. 11.—Flange 

for Lead Pipe Joint for Lead Pipe 


within a short time after the cleaning. 
Chapter 36 contains further information 
on the welding of lead. 

Joints Between Dissimilar Metals 

The joining of dissimilar metals by any 
of the welding processes is dependent 
upon the relative melting points of the 
metals to be joined. Thus if the melting 
points are close (some authorities state 
within 50°F.), it is generally possible to 
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use either arc or gas welding, using a 
filler metal matching one of the base 
metals. If, however, there is a wide dif¬ 
ference in melting points, then it becomes 
necessary to resort to brazing, braze- 
welding or soldering. There is the 
further qualification that each of the 
metals involved in the joint must indi¬ 
vidually be capable of being welded, 
brazed or soldered. 

The design of joints for welding dis¬ 
similar metals is exactly the same as that 
for welding similar metals. Groove and 
fillet welds of the standard proportions 
are employed. The differences in coeffi¬ 
cients of expansion, thermal conductivity, 
etc., influence the welding techniques and 
procedure, not the joint design. Actually, 
there are very few dissimilar metals 
which may be welded. Stainless steels 
are sometimes welded to mild or low- 
alloy steels, generally using stainless steel 
filler metal. Similarly, nickel and some 
nickel alloys may be welded to mild and 
stainless steels as discussed in Chapter 35. 

Brazing with silver-copper-cadmium- 
zinc alloys offers the best approach to 
joining dissimilar metals where the pres¬ 
ence of this alloy is acceptable from the 
point of view of service requirements. It 
should be pointed out that copper-phos¬ 
phorus and copper-silver-phosphorus braz¬ 
ing filler metals are suitable only for cop¬ 
per and copper base alloys, hence they 
should be used with care on dissimilar 
metals; they cannot be used on ferrous 
metals or nickel or its alloys. The stand¬ 
ard joints employed in brazing similar 

metals apply equally well to dissimilar 
metals. 

Soft soldering provides a means of con¬ 
necting metals of widely differing melting 
points, particularly where one of the 
metals melts below the temperatures neces¬ 
sary for brazing. Soldering is also help¬ 
ful in those situations where it is neces¬ 
sary to avoid the high temperatures of 
welding and brazing. Joint designs for 
soldering dissimilar metals follow the 
principles and standards established for 
soft soldering similar metals. 

WORKMANSHIP 
General Considerations 

The facilities available in a permanent 
shop planned for pipe welding offer an 
efficient means for securing workmanship 
of the quality essential in industrial pip¬ 


ing. These facilities include power-driven 
machines for cutting and beveling opera¬ 
tions, accurate layout equipment, power- 
driven welding positioners, modem weld¬ 
ing equipment for manual, semi-automatic, 
and automatic processes, adequate appa¬ 
ratus for destructive and non-destructive 
testing, heat treating equipment and effi¬ 
cient material handling devices. Inspec¬ 
tion and testing operations are done under 
close supervision, and control of weld 
quality is maintained through laboratory 
research and testing. 

While the usual shop erected in the 
field is seldom as fully equipped as a 
permanent shop, equally high quality 
workmanship can be obtained if care is 
exercised in the design of the shop, the 
selection of equipment, and in the selec¬ 
tion and training of the operating, super¬ 
visory and inspection personnel. An im¬ 
portant factor in developing uniform, high 
quality workmanship is the care that is 
exercised in the use of facilities and a 
knowledge of their limitations, rather 
than whether such facilities are of a per¬ 
manent or temporary nature. 

Assembly and Preparation for Welding 

The following has been written for the 
purpose of outlining in a general way the 
practices considered requisite by respon¬ 
sible piping contractors and piping fab¬ 
ricators in their daily operations to de¬ 
velop workmanship in pipe welding to a 
level of quality that will assure accept¬ 
ance under any specifications. 

Joint Preparation .—The end prepara¬ 
tion of parts to be welded should be done 
so as to conform as nearly as possible to 
the joint design set up in the procedure 
specification. Cutting should be done, as 
tar as possible, with some form of ma¬ 
chine tool or mechanically-guided oxygen 
torch. The latter method is limited, of 
course, to metals which can be so cut 
and are not adversely affected by the heat 
involved. 

Where continuous-type backing rings 
are to be used, the required taper or coun¬ 
terbore of the pipe ends should conform 
to a standard gage. Solid backing rings, 
machined and tool marked for proper 
spacing in the joint, may be used for this 
purpose, one for each size and pipe thick¬ 
ness used in the specific construction, 
lhis practice will produce uniform ends 
and allow the interchange of any backing 
rings conforming to the gage. 
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All welding faces and adjoining sur¬ 
faces for a distance of at least 1 / 4 in. from 
the edge of the welding groove, or from 
the toe of the fillet in the case of socket- 
welded or fillet-welded joints, should 
be thoroughly cleaned of rust, scale, paint, 
oil or grease. Oxygen-cut surfaces 
should be ground reasonably smooth to 
remove all traces of scale and any irregu¬ 
larities incident to cutting. Depending on 
the metal being welded, chemical treat¬ 
ment may be deemed necessary for thor¬ 
ough cleaning of parts and to avoid con¬ 
tamination during the welding. 

Layout and Assembly .—Layout and as¬ 
sembly involves the fitting together of the 
various component parts comprising a 
subassembly, or a complete piping system, 
as the case may be, preparatory to weld¬ 
ing. In these operations, dimensional al¬ 
lowances should be made for shrinkage 
during welding, and the parts to be joined 
should be carefully spaced, aligned and 
tack-welded together so that the entire 
assembly will conform to the required 
dimensions within reasonable tolerances, 
after welding is completed. 

In making up subassemblies the usual 
procedure is to set up the largest com¬ 
ponent, either on adjustable trestles or on 
a level top table, with its longitudinal 
axis in a horizontal plane. The longi¬ 
tudinal axis and one end of the mem¬ 
ber are then used as base lines to which 
the locating dimensions and setting of the 
smaller parts can be referred, using a 
rule, steel tape, hand level, squares, 
straight edge or bevel protractor as re¬ 
quired. 

In the layout and assembly of complete 
piping systems in place, the same general 
procedure applies ; first, the largest hori¬ 
zontal components are erected, .and sec¬ 
ond, these members are used as refer¬ 
ence points for fitting and assembling of 
the smaller components. In such systems, 
the components, whether they be pipe, 
valves, fittings or prefabricated assem¬ 
blies, must be carefully aligned with re¬ 
spect to other structures, equipment and 
each other. In cases where no thermal 
expansion, contraction or other movement 
is involved, the aligning operations pre¬ 
sent no particular difficulty. Where such 
movements are a consideration, care must 
be exercised in both the placement and 
alignment to make sure that the system, 
after it is welded and subjected to service 


conditions, will position itself in a man¬ 
ner consistent with the design. 

In assembling butt-type joints, the use 
of neatly fitting backing rings facilitates 
spacing and alignment. Where backing 
rings are not used the ends of the com¬ 
ponents to be welded should be carefully 
aligned and spaced preparatory to tack¬ 
ing, using some convenient spacing gage. 
Intersecting joints should be carefully 
laid out, using templates, standard layout 
curves or jigs. After the parts of the 
joint have been accurately cut and before 
they are beveled, it is advisable to make 
a trial fitting of the joint. This will per¬ 
mit a visual gaging to be made of the 
corrections that may have to be made for 
root spacing and alignment, etc., and will 
reveal any irregularities in the cutting 
of the parts that may require attention. 

If the parts to be welded can be 
handled manually, the alignment, spacing, 
and in many cases assembly can be done 
without the use of external holding de¬ 
vices. In setting up heavy sections the 
use of external clamps or other means 
of holding the parts in correct relation¬ 
ship to each other is essential, not only 
tor maintaining alignment but to facilitate 
handling. 

In production welding, where a num¬ 
ber of identical assemblies are involved, 
the use of a setting-up fixture is of con¬ 
siderable advantage. The design of such 
fixtures will vary, but the essential re¬ 
quirement is to provide a means for 
quickly setting component parts in proper 
relation to each other, ready for tack 
welding, without requiring individual 
clamps for each joint. 

The dimensional allowances in the lay¬ 
out and assembly of piping systems to 
compensate for shrinkage during welding 
are established principally by experience. 
While it is possible to determine shrink¬ 
age for specific cases theoretically, the ap¬ 
plication of such calculations to all cases 
encountered in pipe welding is impractical 
and perhaps of questionable accuracy 
when it is considered that some of the 
variables involved in the calculations are 
functions of the human element. 

In the usual types of butt-welded joints 
in carbon steel, or low-alloy steel piping 
of Schedule 40 and Schedule 80 thick¬ 
nesses, experience indicates that the longi¬ 
tudinal shrinkage in each joint will equa 
about one-half the root spacing. 1 
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ametral shrinkage is negligible and may 
be disregarded for all practical purposes. 

In socket-welded or fillet-welded joints, 
both transverse and longitudinal shrink¬ 
age are negligible and need not be con¬ 
sidered in the layout and assembly opera¬ 
tions. 

Shrinkage in the welding of intersect¬ 
ing joints results principally in angular 
distortion of the branch pipe and bowing 
of the main pipe. In these cases it is 
virtually impossible to establish even ap¬ 
proximate shrinkage values that would 
hold for all cases. The steps taken to 
control shrinkage are quite as important 
as making dimensional allowances for 
such shrinkage in the layout and assembly 
operations. 

It is quite important therefore in train¬ 
ing welders in pipe welding, to empha¬ 
size the factors affecting shrinkage so 
that as they become experienced in apply¬ 
ing various welding procedures, they 
will recognize these factors and approxi¬ 
mate their effect in terms of dimensional 
allowances during layout and assembly 
operations. Not the least among these 
factors is the initial fit-up of the joint, 
and the necessity for careful and accurate 
preparation of the parts cannot be over- 
stressed in any training program. 

The ASA Code for Pressure Piping 
prescribes minimum requirements applic¬ 
able to layout and assembly operations 
preparatory to welding. Detailed infor¬ 
mation on these operations together with 
instructions on template preparation and 
the use of standard layout curves are con¬ 
tained in the Standard Manual on Pipe 
IV elding. 

Tacking. —After the joint is properly 
lined up, short tack welds are made in the 
joint prior to actual welding. These 
welds should be sufficient in number and 
of suitable proportion to hold the parts 
in place during ordinary handling. They 
need not be any higher than one-half the 
thickness of the pipe wall, nor longer than 
twice the thickness. They should be of a 
quality equal to that specified by the 
welding procedure. Frequently in setting 
up joints in steel pipe of heavy wall thick¬ 
ness, the need for tack welds in the joints 
is eliminated by the use of heavy steel 
bridge clamps. 

W elding Operations. —The welding 
processes most commonly used in piping 
installations are the manual oxy-acetylene 


process and the manual shielded metal- 
arc process. Other processes, among 
which are automatic and semi-automatic 
submerged arc, inert-gas metal-arc and 
atomic hydrogen welding are used to 
varying extents, particularly in estab¬ 
lished shops. The fundamentals of all of 
these processes, together with the rules 
governing their qualification and the 
qualification of welders, are treated in 
detail elsewhere in this Handbook. The 
following discussion deals with the ap¬ 
plication of the various welding processes 
to piping installations and bears directly 
on workmanship. 

Manual shielded metal-arc welding may 
be used for nearly all ferrous and non- 
ferrous metals used in piping systems. 
The equipment required for its applica¬ 
tion is comparatively simple and compact, 
readily portable, safe to use, and, with 
ordinary care, requires little maintenance. 
Electric power supply for the operation of 
either d.c. or a.c. machines is readily pro¬ 
vided in the permanent shop, and in many 
cases, is available for field work. If elec¬ 
tric power is not available the use of 
gasoline or Diesel-engine driven welding 
machines will give satisfactory service. 

Joint design for metal arc welding is 
discussed elsewhere in this chapter. The 
number of passes required for welding 
joints in ferrous piping varies with the 
wall thickness of the pipe, the welding 
position of the pipe, the size of electrode 
used and the welding currents employed. 
In welding low-carbon and low-alloy steel 
pipe in the rolled or horizontal position, 
under generally accepted procedures, the 
number of passes is approximately one 
per Vs in. of pipe thickness. The elec¬ 
trodes used in these procedures vary 
from Va to °/a 2 -in. diam. for the first 
pass; 5 /32-in. diam. for intermediate 

passes; and 3 /io- or 1 /*-in. diam. for 
the top passes and reinforcement. 

In welding medium-carbon and higher 
alloy steels in the rolled or horizontal 
position, the number of layers is usually 
increased 25 to 30% and smaller elec¬ 
trodes are used to lessen the heat concen¬ 
tration and to insure complete grain re¬ 
finement of the weld metal. 

With the pipe in a vertical fixed posi¬ 
tion, deposition as described above is not 
possible, and instead the metal ‘ is de¬ 
posited in the form of a series of over¬ 
lapping string beads, the number of which, 
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when using 5 /s 2 -in. max. diam. elec¬ 
trodes, may be approximated roughly by 
allowing 25 to 30 beads per sq. in. of weld 
area. 

The number of passes for welding 
joints in nonferrous piping will vary to a 
considerable extent because of the wide 
differences in fusion temperatures and 
heat conductivities of the metals, factors 
which have considerable bearing on the 
welding technique employed. 

It is common practice to do as much 
welding as possible in the flat or down- 
hand position, using suitable power-driven 
apparatus for continuously rotating the 
work at a speed consistent with the rate 
at which the filler metal can be properly 
deposited. This assures uniformity both 
in depositing the filler metal, and in dis¬ 
tribution of heat, thus lessening distor¬ 
tion. The extent to which flat position 
welding can be applied is limited by the 
dimensions, shape and weight of the com¬ 
ponent parts to be welded, the facilities 
for rotating the work, the amount of 
handling involved, and the heat-treating 
requirements. 

Fixed position welding requires special 
care in depositing successive beads or 
layers, as called for by the procedure, uni¬ 
formly around the joint in order to avoid 
excessive stress concentrations or distor¬ 
tion due to uneven heat distribution. The 
assembly or piping system should be posi¬ 
tioned so that the joints are readily acces¬ 
sible to the welder from all points; and 
when preheating or stress relieving is to 
be done, there should be ample space for 
applying and removing the heating appa¬ 
ratus. 

There is no universally accepted or rec¬ 
ommended direction of welding on pipe 
in the horizontal fixed position. In metal- 
arc welding, the preferred direction 
seems, usually, to be from the bottom up¬ 
ward. However, considerable welding, 
especially of thin or medium thickness 
pipe, is done in the opposite direction. 
Ordinarily, more metal per layer is de¬ 
posited when welding upward, and the 
requirement that the layers be thin enough 
to undergo complete grain refinement 
must be observed. On the other hand, 
welding downward probably requires a 
higher, degree of manual skill to secure 
adequate fusion with the side walls and to 
avoid trapping of slag. 

Kach layer of deposited weld metal 
should be thoroughly cleaned prior to the 


deposition of the following layer. Wire 
brushing, especially when done with a 
power-driven brush, is effective in remov¬ 
ing the slag deposited by covered elec¬ 
trodes used in arc welding. Surface de¬ 
fects which would otherwise affect the 
soundness of the weld should be chipped 
out. The surface of the deposited metal 
and the faces of the base metal should be 
prepared for the following layer by re¬ 
moving bumps and sharp comers or 
grooves which might otherwise be diffi¬ 
cult to fill without risk of slag inclusions. 
In welding for severe service conditions, 
such cleaning is often done with power- 
operated chipping tools. See Chapter 10 
for further information on the funda¬ 
mentals of shielded metal-arc welding. 

Manual oxy-acetylene welding is used 
for many of the ferrous and nonferrous 
metals used in piping systems, although 
its use generally is confined to small-sized 
piping, or to work where the clearances 
around the joints are small. However, 
the process offers the same advantages of 
flexibility, simplicity, safety and low 
maintenance costs as manual shielded 
metal-arc welding. In addition, the equip¬ 
ment required for its application is less 
expensive and more portable than that re¬ 
quired for the shielded metal-arc process. 
Consequently, it provides an inexpensive 
means for welding of piping systems in 
instances where the lack of electric power 
facilities or the cost of electric welding 
equipment precludes the use of arc weld¬ 
ing. 

As in the case of manual shielded 
metal-arc welding, oxy-acetylene welding 
techniques may differ in some details but 
the fundamentals relating to joint design, 
number of passes, direction of welding 
and cleaning are the same. Joint design 
is discussed elsewhere in this chapter. 
The number of passes required for weld¬ 
ing joints in ferrous piping varies with 
the wall thickness of the pipe, the posi¬ 
tion of the pipe when welded, and the 
size of the welding rod used. 

While the methods of depositing weld 
metal for the various positions are similar 
to those employed in manual shielded 
metal-arc welding, the thickness of the 
deposited layers is usually greater. For 
joints in low-carbon or low-alloy steel 
piping that can be rolled, or when the 
work is in a horizontal position, using 
the backhand technique, one pass is 
usually used for wall thicknesses up to 
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-/« in., two for wall thicknesses */ 8 to 
b / 8 in., three for wall thicknesses 5 / 8 to 
7 / 8 in., and four for wall thicknesses 7 / 8 to 
1V« inch. Using the forehand technique, 
the weld is usually deposited in a single 
pass. With the pipe in the vertical fixed 
position, the number of passes varies 
widely. However, for most applications, 
determination of the number of passes by 
the rule of one pass for each V 8 in. thick¬ 
ness of pipe wall is considered good prac¬ 
tice. 

The number of passes used in welding 
medium-carbon and high-alloy steels and 
nonferrous metals varies to a considerable 
extent because of the diversified effects 
that the heating and cooling cycles have 
on the metallurgical structures of the 
metals. 

With regard to direction of welding, 
the backhand technique in oxy-acetylene 
welding usually contemplates starting at 
the top of the pipe and finishing at the 
bottom, whereas the forehand technique 
contemplates starting at the bottom of the 
pipe and working upward to the top. See 
Chapter 5 for further information on the 
fundamentals of this process. 

The use of automatic and semi-auto¬ 
matic submerged arc welding for piping 
is rapidly increasing. This process is 
generally applicable to longitudinal seam 
welding of rolled plate piping, circum¬ 
ferential welds on piping 8 in. in diameter 
and larger, and straight fillet welds of 
fabricated plate specials. In addition, 
semi-automatic submerged arc welding is 
also being used to some extent in welding 
intersection joints. Rather extensive shop 
facilities are required for this process, in¬ 
cluding 600- to 1200-amp., d.c. generators 
or a.c. transformers, work positioners 
and, for the fully automatic method, 
structures for supporting and positioning 
the welding head. Backing rings are 
generally used for groove welds, or, as an 
alternative, the root pass of the weld may 
be made manually. Accurate preparation, 
and good fit-up of the joints are essen¬ 
tials since the process allows little, if any 
flexibility to compensate for irregularities 
on this score. 

Submerged arc welding has been ap¬ 
plied to a wide variety of steels, includ¬ 
ing low-carbon and medium-carbon steels, 
and some of the low-, medium- and high- 
alloy steels with special properties of heat 
resistance, corrosion resistance and high 
strength. See Chapter 13 for further in¬ 


formation on the fundamentals of this 
process. 

Atomic hydrogen welding is occasion¬ 
ally used for the joining of light gage 
carbon steel, alloy steel and nonferrous 
metals including aluminum, nickel and 
copper and their alloys. Special equip¬ 
ment is required for its application, and 
to obtain the advantages of its adapta¬ 
bility for welding complex sections, 
such as jacketed piping constructed of 
dissimilar metals, considerable skill is re¬ 
quired on the part of the welder. See 
Chapter 11 for further information on the 
fundamentals of this process. 

Inert-gas metal-arc zvelding was de¬ 
veloped early during the war and has be¬ 
come a dependable method for welding 
piping materials that are difficult to weld 
by other processes, particularly aluminum, 
magnesium and high chromium-nickel al¬ 
loys. It has been used to a limited extent 
for welding copper. For practical rea¬ 
sons the thinnest section that can be 
hand-welded is approximately Va* inch. 
The maximum thickness that may be 
welded is limited by available equipment 
and will vary for different metals. 

As with other processes, accurate prep¬ 
aration and good fit-up are important 
considerations. Depending on the metal 
welded, the cleaning operations prepara¬ 
tory to welding should be carefully per¬ 
formed, and in some cases may require 
the use of chemical treatments, especially 
on aluminum and magnesium because of 
their tendency to oxidize readily. Some 
type of backing is beneficial, but, depend¬ 
ing again on the metal welded, care 
should be exercised in the selection of 
such material from the standpoint of its 
effect on the welding. 

In general, welding procedures follow 
the same general principles common to 
other processes, and equivalent welder 
skill is essential for satisfactory results. 
For further information on the funda¬ 
mentals of inert-gas metal-arc welding see 
Chapter 12. 

Brazing, brase-zvelding and soft-solder¬ 
ing as applied to components of piping 
systems have been discussed briefly else¬ 
where in this chapter (Design). Further 
information may be found in Chapters 
22 and 23. The principles therein out¬ 
lined for joint preparation, filler metal, 
fluxes and heating are applicable to pip¬ 
ing. 
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Shrinkage and Distortion 

As has been pointed out, precise calcu¬ 
lations of shrinkage in welded pipe joints 
are impractical. In general, however, 
shrinkage values vary directly and prin¬ 
cipally with the thickness of the heaviest 
section being welded and the heat in¬ 
put and, inversely, with the degree of re¬ 
straint imposed by fixtures, if used. The 
theoretical aspects of the subj ect of 
shrinkage and consequent distortion, the 
control therof, and of the stresses set up 
in welded joints due to the thermal action 
or mechanical restraint are treated at 
length in Chapter 43 of this Handbook. 

For practical purposes in pipe welding, 
the angular distortion in circumferential 
and in intersecting welds can be con¬ 
trolled, and its extent reduced to a mini¬ 
mum by (1) proper application of the 
welding procedure, particularly with re¬ 
spect to uniformity of heating, (2) uni¬ 
form preheating of the parts prior to and 
during the welding operation and (3) the 
use of fixtures for holding the parts in 
fixed relation to each other during weld¬ 
ing. The first two of these methods con¬ 
template free movement of the parts and 
generally result in lower residual stresses, 
while with the third method, the opposite 
is true. Residual stresses can be relieved 
to some extent by peening or by thermal 
treatment. Distortion can be corrected 
by the straightening operations herein¬ 
after described. 

In fabricating headers or other assem¬ 
blies containing various types of welded 
joints in close proximity to one another, 
the control or distortion due to shrinkage 
is quite complicated and involves con¬ 
siderations of the layout and fitting of the 
assemblies, the sequence of welding, posi¬ 
tioning of the welds, and the avoidance of 
heat concentrations, from the standpoint 
of not only their individual effect, but also 
their relative effects on the entire as¬ 
sembly. The expedients employed to con¬ 
trol such distortion have already been 
mentioned but their effectiveness is diffi¬ 
cult to estimate, and depends on the weld¬ 
er’s experience to a very great degree. 

Repair of Welds 

When a weld is to be repaired, the de¬ 
fect should first be removed by chipping, 
machining or by oxygen gouging or oxy¬ 
gen cutting, provided these processes are 
suitable for the metal. After removal of 


the defect, the surface upon which the re¬ 
pair weld is to be deposited should be 
so shaped and cleaned that a sound weld 
may be obtained. If preheating was re¬ 
quired in making the original weld, it 
should be employed also in making the re¬ 
pair. Should there be general sweating 
of a weld, no attempt to repair it should 
be made. The entire weld should be re¬ 
moved and the joint rewelded. 

Preheating and Stress Relief 

Methods Employed .—Preheating may 
be accomplished by any one of several 
methods. The simplest, of course, is 
torch heating. It is recommended, how¬ 
ever, that this method be used only for 
pipe which is of sufficiently small diam¬ 
eter to result in a reasonable degree of 
temperature uniformity around the cir¬ 
cumference and where the heat input due 
to welding is such that no supplementary 
heating is required to maintain the de¬ 
sired temperature. Where supplementary 
heating is required, as is usually the case, 
it is usually accomplished by electric 
heating elements wrapped around the pipe 
ends or by fuel-fired muffle-type furnaces 
designed to fit around the ends, leaving 
an open space at the joint for welding. 
In the case of electric heating, the coils 
may be designed to heat by conduction 
and radiation or by induction. In the lat¬ 
ter case, the heating current is usually 
switched off during actual welding, as the 
induced current in the pipe interferes with 
the welding. 

The most satisfactory method of stress 
relief is by heating in a furnace, and this 
is done whenever practical. However, 
this method is, in general, suitable only 
for shop-welded subassemblies. Methods 
which have been used in the field for 
circumferential butt welds are electric 
heating by induction with low-frequency 
electric current (60 cycles or less), elec¬ 
tric heating by conduction and radiation 
with coiled heating elements wrapped 
around the joint and flame heating with 
metal or refractory furnaces of the muffle 
type designed to fit around the joint. 

Temperature Control .—The control of 
temperature in both preheating and stress 
relief operations is especially important 
and frequently influences selection of the 
equipment. If torch heating or muffle- 
type, gas-fired furnaces are used, c ° n * r ° 
of temperature is generally accomplisnea 
by manual regulation of the heating ap- 
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paratus, and the temperatures are checked 
by the use of portable pyrometers, or 
pyrometric cones. If electric heaters are 
used, control of temperature is accom¬ 
plished by electrically-operated pyrom¬ 
eters that automatically control the cur¬ 
rent flow to the heating units, and indi¬ 
cate the temperatures throughout the en¬ 
tire heating cycle. There are also avail¬ 
able, with some types of electric heating 
equipment, electrically-operated program 
control devices that can be set to auto¬ 
matically control the time-temperature 
cycle of a stress-relieving operation 
within any desired limits of apparatus 
capacity. 

In preheating or stress relieving welds 
in any of the alloys that have air-harden¬ 
ing tendencies, special precautions should 
be taken to exclude as much as possible 
the circulation of air around the joint, 
both during heating and cooling periods. 
This can be done by positioning the 
work in a part of the shop where there is 
little draft and by closing up open ends 
of the parts being welded to prevent air 
circulation through the interior of the 
piping during the heating period. Dur¬ 
ing the cooling cycle the joint should be 
covered with a suitable insulating jacket 
immediately after the welding is com¬ 
pleted. 

Other Thermal Treatment 

It is frequently necessary to totally heat 
treat complete welded piping assemblies 
not only for stress relief but also to re¬ 
store the original structure of the metal 
or to attain other desirable properties. 
This may involve annealing, normalizing 
or quenching treatments, depending on the 
alloy welded, and requires extensive fur¬ 
nace equipment for its application. Such 
furnaces are usually gas- or oil-fired, py- 
rometrically controlled and of such con¬ 
struction and proportion as to allow the 
treatment of a number of assemblies in 
one charge. 

It is beyond the scope of this Chapter 
to describe in detail these various heat 
treating procedures as applied to the var¬ 
ious metals used in piping? except to state 
that the work requires the supervision of 
a competent metallurgist, and rather ex¬ 
tensive laboratory equipment for analysis 
of results. 

Distortion in Heat Treating 

The temperatures employed in stress re¬ 


lief and other heat-treatment operations 
are often in a range where the properties 
of the metals to resist deformation are 
lowered to an appreciable extent. It is 
therefore necessary to properly support 
the welded joint during the stress-reliev¬ 
ing operation in a manner that will reduce 
to a minimum the possibility of deflection 
in any direction. This can be readily ac¬ 
complished in the shop by placing ad¬ 
justable roller-type supports under the 
parts being welded as near to the joint 
as possible, allowing sufficient space for 
the placement of the heating apparatus 
over the joint. In field work, where the 
welds are made in position, chain falls or 
other suitable rigging secured to the 
building or other supporting structures 
can be used to accomplish the same pur¬ 
pose. 

If stress relief or heat treatment of a 
number of assemblies is done in a heat- 
treating furnace, special care should be 
exercised in placing the assemblies to 
make sure that they are adequately and 
uniformly supported in all directions, us¬ 
ing temporary structural bracing tack- 
welded to the assemblies, if necessary, to 
accomplish this purpose. 

Straightening 

The welding of piping assemblies, due 
to the expansion and contraction of the 
metal, distorts the original setup and 
alignment of parts to a varied extent, 
depending upon the metal welded, its size, 
shape and thickness. Much of the dis¬ 
tortion can be controlled during welding, 
some of it corrected during stress reliev¬ 
ing, when used, but in most cases it is 
found necessary to correct the effect of 
distortion independently. 

One method employed to correct mis¬ 
alignment is the controlled alternate heat¬ 
ing and cooling of areas adjacent to the 
weld so that the consequent expansion 
and contraction of the metal will tend to 
draw the parts into proper alignment. 
The application of this method is limited 
to those materials upon which the effect 
of the alternate heating and cooling is 
not particularly detrimental to the prop¬ 
erties or structure of the metal. To illus¬ 
trate the elements of this method, assume 
that a length of reasonably straight pipe 
is clamped firmly at one end to a rigid 
table. If an area for a length of 6 in. or 
more is heated around the pipe adjacent 
to the clamping device to a red heat and 
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then a stream of cold water suddenly ap¬ 
plied to one side of the pipe, the sudden 
contraction will cause the free end of the 
pipe to deflect in the direction of the side 
of the pipe thus cooled. 

It is readily seen that the application of 
heat and of the cooling medium requires 
considerable skill and judgment, if satis¬ 
factory results are to be obtained. Such 
skill is only acquired through experience 
since there is no method that has as yet 
been devised by which the deflection re¬ 
sulting from such heating and cooling can 
be precisely calculated. 

Another way of correcting misalign¬ 
ment, which has wide application to as¬ 
semblies that have been furnace annealed 
or normalized, is to set up the assembly 
in a facing head with the normal axis of 
the piece in line with the center lines of 
the machine, and then machine the flanges 
or ends so that their faces are square with 
the normal axis of the pipe and with each 
other, and meet the over-all dimensional 
requirements of the piece. 

The foregoing methods of squaring and 
aligning are of course applicable in cases 
where the assemblies after welding are 
distorted to a considerable extent. An¬ 
other method of correcting misalignment 
is by the gradual application of force, 
commonly known as cold pulling. This 
method has limited application, however, 
due to the possibility of setting up ex¬ 
cessive stress concentrations in an as¬ 
sembly, and should be employed only in 
cases where the effect of such stress con¬ 
centrations would be negligible. 

The final step in the straightening 
operation is the checking of all parts and 
dimensions of the assembly with the re¬ 
quirements of the drawing from which 
the assembly was constructed. While this 
procedure is essentially a function of in¬ 
spection, much additional handling can be 
avoided if the work is done before the as¬ 
sembly is removed from the straightening 
table. This is especially the case on work 
that is subject to inspection by an outside 
agency, and is being produced in sufficient 
volume to require a full-time inspection 
service. 

Cleaning and Finishing 

Cleaning of welded piping is of consid¬ 
erable importance. The extent of clean¬ 
ing and the methods used are of course 
dependent upon the type of work involved, 


and may range from merely blowing-out 
piping by compressed air or steam to 
pickling and passivating. 

For carbon-steel piping where no back¬ 
ing rings are used, care should be taken 
in the welding procedure to avoid exces¬ 
sive formation of icicles or other projec¬ 
tions of the weld metal into the interior 
of the pipe. Where it is possible such 
icicles should be removed with a chipping 
hammer or grinding wheel as the piece is 
being built, especially so if the roots of 
the welds become inaccessible after the 
various connecting parts are assembled. 

Flange faces or machined, beveled ends, 
if adjacent to a weld and likely to be 
spattered during welding, should be 
coated with one of the several solutions 
available on the market for protecting 
such surfaces against the pelting effects 
of the spatter, and facilitating its subse¬ 
quent removal. 

Unless piping is heavily scaled as a re¬ 
sult of heat treating or other causes, it 
can be adequately cleaned inside with 
turbine cleaners which function in much 
the same manner as boiler tube cleaners. 
If such equipment is not available, rap¬ 
ping the outside of the piping and blowing 
it out with air or steam will suffice, al¬ 
though this method takes considerable 
time and additional handling and is not 
always reliable. 

If the piping has been heavily scaled, 
it should be sand or shot blasted outside 
and inside. If sand blasting of the in¬ 
side is not feasible, turbining may be 
employed to advantage in some cases 
provided that special care is taken to 
make sure that the turbine heads are cut¬ 
ting to the base metal. 

The cleaning methods usually employed 
on alloy-steel piping are similar to those 
used for carbon-steel piping. Frequently, 
however, the service for which alloy pip¬ 
ing is used requires absolute cleanliness 
of the piping and the removal of all traces 
of scale or other foreign matter. In such 
cases, perhaps the only positive way of 
assuring cleanliness is by pickling the 
completed assemblies, either by immersion 
in pickling vats or by adequate swabbing 
of the piping with pickling solutions, fol¬ 
lowed in either case by passivating and 
then washing with water, depending on 
the requirements for the particular metal. 

The solutions used for pickling or pas¬ 
sivating vary with the metals treated, and 
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the methods employed are dependent on 
available facilities and the practices of the 
manufacturer. Reference should be made 
to standard texts on the subject. 

Finishing of welded piping entails thor¬ 
ough inspection, the methods of which are 
treated in another section of this Chapter. 
In applying these methods, in so far as 
they affect workmanship, the following 
comments are of importance. 

Except for in-process inspection of 
welding most shops arrange for inspection 
and testing of the completed assembly to 
follow all other fabricating operations 
and provide their facilities accordingly. 

Non-destructive testing by radiography 
or magnetic powder methods usually fol¬ 
lows postheat treatment operations if such 
are involved, and is done under controlled 
laboratory conditions. While some of the 
larger shops are fully equipped for X-ray 
examination, its application to pipe work 
is somewhat limited and it is believed 
that gamma-ray examination is to be pre¬ 
ferred due to the fact that it has more 
flexible application to piping, especially so 
in connection with field-welded joints. 

Generally speaking, hydrostatic tests, as 
prescribed by codes and specifications, are 
applied to assemblies that are fitted with 
flanged or screwed ends regardless of the 
ultimate service pressure. If, however, 
the ends of the assemblies are prepared 
for field welding, they may be fitted with 
suitable gaskets and friction clamps that 
will permit hydrostatic testing up to 60 
psi. Tests of this latter sort, however, 
are only advisable for work subject to 
low service pressure and the results 
thereof should be qualified accordingly. 

Where the service pressure is severe 
and full hydrostatic testing on assemblies 
fitted with welding ends is mandatory, it 
is necessary to weld temporary heads or 
caps on the connecting ends of the as¬ 
semblies so that the required test pressure 
can be safely applied. In such cases the 
welding ends of the assemblies are not 
finished to dimensions until after the 
testing has been completed. 

Air testing is employed to a limited ex¬ 
tent in general fabricating practice and 
usually only to satisfy the requirements of 
f particular specification. The larger 
fabricating shops necessarily have facili¬ 
ties for supplying compressed air for 
other plant services and can therefore 
usually arrange to test with compressed 
air up to 100 psi. 


INSPECTION AND TESTING 
General 

The purpose of inspecting and testing 
welded pipe joints is to provide assurance 
that the work meets the purchaser’s speci¬ 
fications, and that work which is within 
the scope of a mandatory code complies 
with the requirements of that code. It is 
generally accepted that such assurance 
can be obtained by: (1) The use of a 
welding procedure that has been proven 
satisfactory. (2) Control of all opera¬ 
tions to make certain that the established 
procedure will be followed exactly 
throughout the job. (3) Frequent inspec¬ 
tions to make sure that operations are be¬ 
ing performed correctly and that mate¬ 
rials meet specifications. (4) Occasional 
confirming tests of actual joints. 

Preliminary Inspection 

Before any actual welding is done, the 
inspector should make sure that the weld¬ 
ing procedure is one that has been prop¬ 
erly qualified, and that its use will pro¬ 
duce welds of the proper mechanical, 
physical and metallurgical characteristics. 
He must satisfy himself that the weld- 
ers. have, by actual tests, demonstrated 
their ability to make sound welds when 
following the prescribed procedures, 
f See Procedure and Welder Qualifica¬ 
tion.) He should check the joint design 
to see that it conforms to the qualified 
welding procedure. He must assure him¬ 
self that the materials used are suitable 
for the purpose, and conform to the re¬ 
quirements of any contract, code or 
specification governing the work. 

Visual Inspection of Work in Progress 

An important duty of an inspector is 
the inspection of individual joints prior to 
actual welding to make certain that each 
joint has been properly prepared and 
fitted. The alignment of parts, fit of the 
backing ring, if used, and spacing of the 
pipe ends are especially important. No 
welder can produce a thoroughly sound 
joint where the parts to be welded have 
been poorly fitted. 

He must make sufficiently frequent 
observations to determine whether the 
prescribed procedure is being properly 
followed by each welder, particularly as 
to welding current, number of passes be¬ 
ing deposited and cleaning between 
passes. 
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Completed welds should be inspected 
visually for general appearance, noting 
the amount of weld reinforcement and the 
presence or absence of undercutting. 
When the underside of a weld is acces¬ 
sible, it should be inspected to determine 
whether complete penetration has been 
obtained and whether there are excessive 
globules or icicles of metal. 

The inspector should make certain that, 
where required by code or specifications, 
the welds are stamped with the welder’s 
symbol and any other symbol stamp that 
may be required. 

If preheating or stress relieving of the 
welded joints is required, the inspector 
must make sure that the proper tempera¬ 
tures are obtained and held for the re¬ 
quired length of time. 

Complete inspection includes assurance 
that the insides of all pipes, valves and 
fittings are clean and free from blisters, 
slag, weld spatter, loose mill scale, sand 
and dirt when erected. 

Non-Destructive Tests 

Various methods of non-destructive 
testing have been utilized to a limited ex¬ 
tent in the inspection of welded joints in 
piping systems where the service condi¬ 
tions are severe. Their purpose is to dis¬ 
close defects, such as incomplete fusion, 
porosity and cracking, which cannot ordi¬ 
narily be detected by visual inspection. 

Radiographic Inspection. —Radiography, 
using X-rays or the gamma rays from 
radium, is occasionally used for examining 
welds in important work. X-ray inspec¬ 
tion requires the use of expensive and 
comparatively bulky equipment, whereas 
gamma ray inspection involves the use of 
easily transported radium or radium- 
activated materials. Radiographic inspec¬ 
tion should be conducted only by one well 
versed in the art of making radiographs, 
as well as in the interpretation of the 
film. This interpretation requires not 
only a knowledge of welding and weld 
defects revealed by this method, but also 
the exercise of considerable judgment a> 
to whether a questionable area is actually 
defective. Experience is required also, to 
assure that the testing will be carried out 
in such a manner as to protect the testing 
personnel and others against harmful 
radiations from the source of X-rays or 
gamma rays employed. Properly applied, 
the method should reveal defects that 
amount to 2 % or more of the wall thick¬ 


ness. A standard set of radiographs, use¬ 
ful in checking the permissible degree of 
porosity in piping, may be purchased from 
the American Society of Mechanical 
Engineers. 

Magnetic Particle Inspection .—This 
method can be used only on magnetic 
materials. In application, the part to be 
examined is first magnetized by an elec¬ 
tric current. The surface in the area to 
be examined is then covered with finely 
divided iron particles, either by sprink¬ 
ling dry particles or by applying to the 
surface a coating of light oil in which the 
particles are in suspension. A crack or 
defect in the part, either at or near the 
surface, causes a discontinuity in the 
magnetic flux lines. The iron particles 
collect at that point, outlining the defect. 
The surface condition is important as the 
smoother the surface the greater the con¬ 
trast that results. 

For most satisfactory results, the 
method should be applied only by one 
who is thoroughly familiar with its 
characteristics. 

Fluorescent Penetrant Inspection .—For 
inspection of non-magnetic materials with 
discontinuities extending to the surface, 
a fluorescent penetrant may be used. 
The inspection procedure is as follows: 
Clean part to be inspected, apply pene¬ 
trant by brush, air spray or immersion, 
allow penetrant to remain on object for 
one hour and then wash clean with a 
water spray, dust on developing powder 
and inspect the object or area with the 
use of black light in semi-darkness. 

Trepanning .—Another method of in¬ 
spection which is essentially non-destruc¬ 
tive though it does require a certain 
amount of repair welding, consists of the 
removal of specimens from welds selected 
more or less at random, and by testing 
or otherwise examining these specimens. 
Such examinations serve to indicate the 
general character of the weld. Also, such 
inspection has a beneficial psychological 
effect on the welder, who has no idea 
from what points the samples will be re¬ 
moved. 

The specimen may be a boat-shape 
piece cut from the joint by means o a 
special power-driven spherical saw; a cy¬ 
lindrical plug cut by means of a power- 
driven hole-saw; a wedge-shaped piece 
obtained by making two intersecting saw 
cuts, one on each side of and close o 
the weld. Or a narrow strip may be o 
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tained by making two saw cuts parallel to 
the run of the pipe and long enough to 
extend beyond the heat-affected zone on 
both sides of the weld, and then removing 
the intervening plate by drilling or chip¬ 
ping the ends free. 

After the specimen has been removed, 
it is ground or sanded, preferably on a 
surface that extends across the weld, and 
the prepared surface is then etched. Exam¬ 
ination of the etched surface will disclose 
such defects as cracks, incomplete fusion 
or slag inclusions. 

Destructive Test of Selected Joints 

The most thorough method for examining 
a joint is to remove a short section of 
pipe containing the weld. This involves 
the making of two joints in replacing the 
piece removed, but may be required in 
certain work. In the Code for Pressure 
Piping it is provided that, by agreement 
between the purchaser and the manufac¬ 
turer or contractor, the quality of the 
work may be checked by removing a joint 
made by each welder. Such a joint may 
be given the standard destructive tests, 
such as the root, face, and side-bend tests. 

Hydrostatic Tests 

Hydrostatic testing of welded pipe lines 

• 0 

is universally used. Extensive systems 
are often tested by this method in sections, 
the separation being made by valves, or, 
if there are flanged joints available, 
possibly with blind flanges. 

As the expansive force of compressed 
air or other gas is relatively great, and 
since there is always a possibility of a 
failure under test, the use of air or other 
gas for testing is discouraged. It should 
be employed only under extraordinary 
circumstances and under competent super¬ 
vision. 

For most work, clean water is used. 
The temperature of the water should be 
no lower than that of the atmosphere. 
Otherwise sweating will result and proper 
examination will be difficult. Bleeder 
valves or pet cocks should be provided at 
the highest point in the line to permit 
venting of all air in the piping during the 
filling operation. 

The hydrostatic pressure should be ap¬ 
plied gradually and should be left on for 
a sufficient length of time to permit mak- 
,n g a complete examination of all welds. 
The pressure gage should be checked to 
be sure that it is functioning properly. 


The test pressure should be that called 
for by the governing code, specification or 
contract. Lacking such instructions, it 
should be at least one and one-half times 
the maximum working pressure to which 
the piping will be subjected. For power 
piping the test pressure should never be 
less than 50 psi., nor more than two times 
the primary service pressure rating of any 
valves included in the test. Globe valves 
should not be subjected to a test pres¬ 
sure under the seat greater than one and 
one-half times the primary service rating. 
Full pressure, if it is more than one and 
one-half times, may be applied above the 
seat or with the valve open. 

It may be necessary to protect expan¬ 
sion joints during testing, i>articularly 
when testing of the sections of the sys¬ 
tem is done prior to the completion of the 
entire system. Expansion joints of the 
slip type should be secured against pos¬ 
sible separation. Other types should be 
studied to determine whether they need 
extra protection or support during testing. 

Any evidence of leaking or other weak¬ 
ness under test should be marked. Fol¬ 
lowing release of the pressure, defective 
areas should be repaired and another hy¬ 
drostatic test made. 

Further information on inspection 
methods and tests will be found in Chap¬ 
ter 42. 

Service Tests 

The methods of testing described above 
are designed to assure the quality of the 
welding before the system is put into ser¬ 
vice. In addition to such testing and in¬ 
spection, many engineers place particular 
reliance on a service test, essentially a 
trial operation of a system under normal 
service conditions. 

While the procedure for service testing 
varies with the installation, there are cer¬ 
tain precautionary measures, practically 
always applicable, that should be taken. 
These include the removal of all tempor¬ 
ary test blanks and test connections, 
where necessary, the checking of all 
safety devices to make sure that they are 
in working order, the checking and set¬ 
ting of all valves and regulating devices 
for proper operation, and the checking of 
all hangers and anchor structures to make 
sure that they are functioning properly. 

The results required, in so far as the 
welding of the system is concerned, are a 
demonstration that the welds are free 
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from leaks and are capable of withstand¬ 
ing the stresses imposed on them by the 
service to which they are subjected. The 
fact that it is usually the contractor’s 
responsibility to repair any leaks that 
develop during a service test, and to as¬ 


sume the liability for any damage to other 
work or equipment resulting from such 
leaks, is an incentive for him to make cer¬ 
tain, as the work progresses, that the 
welds are so made as to be satisfactory 
for the service conditions. 
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CHAPTER 58 


STANDARD WELDING SYMBOLS* 

SECTION I—BASIC SYMBOLS 

101. Arc and Gas Weld Symbols 
Arc and gas weld symbols shall be as shown in Fig. 1. 


BEAD 

fillet 


IX 


TYPE OF WELD 


PLUG 

OR 

SLOT 


SQUARE 


_GROOVE 

V I BEVEL 


U 


Fig. 1—Basic Arc and Gas Weld Symbols 


102. Resistance Weld Symbols 

Resistance weld symbols shall be as shown in Fig. 2. 


TYPE OF WELD | 

SPOT 

PROJECTION 

SEAM 

FLASH 

OR 

UPSET 

X 

-X. 

XXX 

i | 


Fig. 2—Basic Resistance Weld Symbols 


103. Brazing, Forge, Thermit, Induction and Flow Welding Symbols 

Brazing, forge, thermit, induction and flow welding shall be indicated 
by using a process or specification reference in the tail of the weldine svm- 
bol. (See Article 305 and Fig. 40.) * y 

104. Supplementary Symbols 

Supplementary symbols to be used in connection with weld svmbol<? sh*11 
be as shown in Fig. 3. y 

Prepared by the AWS Committee on Symbols. 
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Fig. 3—Supplementary Symbols 


105. Elements of a Welding Symbol 

This standard makes a distinction between the terms weld symbol and 
welding symbol. The weld symbol is the ideograph used to indicate the 
desired type of weld. The assembled welding symbol consists of the follow¬ 
ing eight elements, or such of these elements as are necessary: 

Reference line. 

Arrow. 

Basic weld symbols. 

Dimensions and other data. 

Supplementary symbols. 

Finish symbols. 

Tail. 

Specification, process, or other references. 

106. Standard Location of Elements of a Welding Symbol 

The elements of a welding symbol shall have standard locations with re¬ 
spect to each other as shown in Fig. 4. 
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SECTION II—BASIC TYPES OF JOINTS AND WELDS 


201. Basic Types of Joints 

The basic types of joints are shown in Fig. 5 and the types of welds by 
which the members are frequently joined are listed thereon. 


202. Basic Types of Welds 

^asic types of welds indicated by the basic weld symbols are 
illustrated in Figs. 6 to 12 and 15 to 19, inclusive. 


SECTION III—GENERAL PROVISIONS 

301. Location Significance of Arrow 

(a) In the case of groove, fillet, and flash or upset welding symbols, the 
arrow shall connect the welding symbol reference line to one side of the 

considered the arrow side of the joint. The 
side opposite the arrow side of the joint shall be considered the other side of 
the joint. (See Figs, (i to 12 inclusive and Fig. 19.) 

case Pl u £» slot, spot, seam and projection welding 
s y m ^°^ s » the arrow shall connect the welding symbol reference line to 
the outer surface of one of the members of the joint at the center line of the 
desired weld. The member to which the arrow points shall be considered 
the arrow-side member. The other member of the joint shall be con¬ 
sidered the other-side member. (See Figs. 15 to 18, inclusive.) 

(c) When a joint is depicted by a single line on the drawing and the 
arrow of a welding symbol is directed to this line, the arrow side of the 
joint shall be considered as the near side of the joint in accordance with 

th f/A SUal conven f ions ? f drafting. (See Figs. 0 to 12, inclusive and Fig. 19.) 

(a) When a joint is depicted as an area parallel to the plane of pro¬ 
jection in a drawing and the arrow of a welding symbol is directed to 
that area, the arrow-side member of the joint shall be considered as the 
near member of the joint in accordance with the usual conventions of 
drafting. (See Figs. 15 to 18, inclusive.) 

302. Location of Weld with Respect to Joint 

(a) Welds on the arrow side of the joint shall be shown by placing 
e weld symbol on the side of the reference line toward the reader, thus* 
(bee also Figs. 6A, 8A, 9A, 10A, UA, 12A, 15A, 16A and 18.4.) 
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(b) Welds on the other side of the joint shall be shown by placing the 
weld symbol on the side of the reference line away from the reader, thus: 
(See also Figs. 6 B, SB , 9 B, 10 B, 11 B, 1 2B, 1 5B, 1 6B and 1 SB.) 



(c) Welds on both sides of the joint shall be shown by placing weld 
symbols on both sides of the reference line, toward and away from the 
reader, thus: (See also Figs. 7, SC, 9 C, 10 C, UCand 1 2C.) 



(d) Spot, seam, flash and upset weld symbols have no arrow-side or 
other-side significance in themselves, although supplementary symbols 
used in conjunction therewith may have such significance. (See Articles 
301, 906, 1007 and 1202.) Spot, seam, flash and upset weld symbols shall 
be centered on the reference line, thus: (See also Figs. 17 and 19.) 



303. Method of Drawing Symbols 

Symbols may be drawn mechanically or freehand, as desired. 

304. Use of Inch, Degree and Pound Marks 

Inch, degree and pound marks may be used on welding symbols or not, 
as desired, except that inch marks shall be used for indicating the diam¬ 
eter of spot and projection welds and the width of seam welds, when 
such welds are specified by linear dimension. 

305. Location of Specification, Process or Other References 

When a specification, process or other references is used with a welding 
symbol, the reference shall be placed in the tail, thus: 



306. Use of Symbols Without References 

When desired, symbols may be used without specification, process or 
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other references in the following instances: 

(a) When a note such as the following appears on the drawing: 
“Unless otherwise designated, all welds are to be made in accordance 
with Specification No. —.” 

0 b ) When the welding procedure to be used is prescribed elsewhere. 
307. Use of General Notes 

When desired, general notes such as the following may be placed on a 
drawing to provide detailed information pertaining to the predominating 
welds, and this information need not be repeated on the symbols. 

“Unless otherwise indicated, all fillet welds are Vie inch size/' 
“Unless otherwise indicated, root openings for all groove welds are 
Vi6 inch. 


308. Use of Weld-All-Around Symbol 

Welds extending completely around a joint shall be indicated by means 
of the weld-all-around symbol, thus: 



300. Use of Field Weld Symbol 

Held welds (welds not made in a shop or at the place of initial construc¬ 
tion) shall be indicated by means of the field weld symbol, thus: 



310. Extent of Welding Denoted by Symbols 

Symbols apply between abrupt changes in the direction of the welding or 
to the extent of hatching or dimension lines, except when the weld-all- 
around symbol is used. (See Figs. 23, 24, 35A , B0C and 38^4.) 

311. Weld Proportions 

All welds shall be continuous and of user’s standard proportions unless 
otherwise indicated. 

312. Finishing of Welds 

finishing of welds, other than cleaning, shall be indicated by suitable 
contour and finish symbols. (See Arts. 409, 505, 603, 706, 804 and 1202.) 
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313. 


Location of Weld 



Lbols 


(a) Weld symbols, except spot and seam, shall be shown only on the 
welding symbol reference line and not on the lines of the drawing. 

(b) Spot and seam weld symbols may be placed directly on drawings 
at the locations of the desired welds, thus: (See also Fig. 17.) 




-4eeeeoeoe& 


314. Construction of Fillet and Bevel- and J-Groove Welding Symbols 

Fillet and bevel- and J-groove weld symbols shall be shown with the 
perpendicular leg always to the left, thus: (See also Figs. 6, 7, 9 and 11.) 





315. Use of Break in Arrow of Bevel- and J-Groove Welding Symbols 

When a bevel- or J-groove weld symbol is used, the arrow shall point 
with a definite break toward the member which is to be chamfered, thus: 
(See also Figs. 9 and 11.) (In cases where the member to be chamfered is 
obvious, the break in the arrow may be omitted.) 





316. Reading of Information on Welding Symbols 

Information on welding symbols shall be placed to read from left to 
right along the reference line in accordance with the usual conventions of 
drafting, thus: 
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317. Combined Weld Symbols 


For joints having more than one weld, a symbol shall be shown for 
each weld, thus: (See also Figs. 20 and 27.) 



318. Designation of Special Types of Welds 

When the basic weld symbols are inadequate to indicate the desired 

weld, the weld shall be shown by a cross section, detail or other data, with 

a reference thereto on the welding symbol, observing the usual location 
significance, thus: 



SK. NO. 52 


DWG. 234 
DWG. 233 


\ 


SECTION IV—FILLET WELDS 


401. General 

(a) Dimensions of fillet welds shall be shown on the same side of the 
reference line as the weld symbol, thus: (See also Figs. 21, 22 and 23.) 



(2>) When no general note governing the dimensions of fillet welds 

appears on the drawing, the dimensions of fillet welds on both sides of the 
joint shall be shown as follows: 

(1) When both welds have the same dimensions, one or both may be 
dimensioned, thus: 
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(O When there appears on the drawing a general note governing the 
dimensions of fillet welds, such as “All fillet welds 6 /ie in. size unless other¬ 
wise noted,” the dimensions of fillet welds on both sides of the joint 
shall be indicated as follows: 

(1) When both welds have dimensions governed by the note, neither 
need be dimensioned, thus: 



(2) When the dimensions of one or both welds differ from the dimen¬ 
sions given in the general note, both welds shall be dimensioned, 
thus: 



402. Size of Fillet Welds 

(a) The size of a fillet weld shall be shown to the left of the weld 
symbol, thus: (See also Figs. 21^4, 21 B y 21 C and 21 D.) 




( b ) The size of a fillet weld with unequal legs, shall be shown in 
parentheses to the left of the weld symbol, as shown below. Weld 
orientation is not shown by the symbol and shall be shown on the draw¬ 
ing when necessary. (See also Fig. 21 D.) 



403. Length of Fillet Welds 

(a) The length of a fillet weld, when indicated on the welding symbol. 

shall be shown to the right of the weld symbol, thus: (See also Fig. 2 -J 



\ N 2 
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(6) When fillet welding extends for the full distance between abrupt 
changes in the direction of the welding (see Article 310), no length dimen- 
sion need be shown on the welding symbol. (See Fig. 21£ ) 

(c) Specific lengths of fillet welding may be indicated by symbols in 
conjunction with dimension lines, thus: (See also Figs. 2 3A and 23 B.) 


5-0 




± 

2 



2 4 ’- 0 " 



- J. _ 


J 

t 

7 

1 

- 1 



404. Extent of Fillet Welding 

(a) \\ hen it is desired to show the extent of fillet welding graphically, 

one type of hatching with definite end lines shall be used, thus: 



W Fillet welding extending beyond abrupt changes in the direction 
ot the welding shall be indicated by means of additional arrows pointing to 
each section of the joint to be welded, as shown in Fig. 24^4, except 
when the weld-all-around symbol is used. 


405. Dimensioning of Intermittent Fillet Welding 

(?) The P itch (center-to-center spacing) of intermittent fillet welding 
*11 be shown as the distance between centers of increments on one side 
of the joint. (See Fig. 22.) 

. Ihe pitch (center-to-center spacing) of intermittent fillet welding 
shall be shown to the right of the length dimension, thus: (See also Fig. 22.) 



( c ) Chain intermittent fillet welding shall be shown thus* 
hig. 22 B.) 


(See also 
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(d) Staggered intermittent fillet welding shall be shown thus: (See also 
Fig. 22 C.) 

406. Termination of Intermittent Fillet Welding 

(a) When intermittent fillet welding is used by itself, the symbol 
indicates that increments shall be located at the ends of the dimensioned 
length. (See Fig. 22.) 

( b ) When intermittent fillet welding is used between continuous fillet 
welding the symbol indicates that spaces equal to the pitch minus the length 
of one increment shall be left at the ends of the dimensioned length. (See 

Fig. 23.4.) 



407. Combination of Intermittent and Continuous Fillet Welding 

Separate symbols shall be used for intermittent and continuous fillet 
welding when the two are used in combination. (See Fig. 23.4.) 

408. Fillet Welds in Holes and Slots 

Fillet welds in holes and slots shall be shown by means of fillet weld 
symbols. 

409. Surface Contour of Fillet Welds 

(a) Fillet welds that are to be welded approximately flat-faced without 
recourse to any method of finishing shall be shown by adding the flush- 
contour symbol to the weld symbol, observing the usual location signifi¬ 
cance, thus: 



( b ) Fillet welds that are to be made flat-faced by mechanical means, 
shall be shown by adding both the flush-contour symbol and the user s 
standard finish symbol* to the weld symbol, observing the usual loca ion 
significance, thus: 



“G 


1 Finish symbols used 
” = grinding; "M” = 


herein indicate the method of finishing ( C 
machining) and not the degree of finish. 


chipping: 
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(c) Fillet welds that are to be mechanically finished to a convex contour, 

shall be shown by adding both the convex-contour symbol and the user's 

standard finish symbol* to the weld symbol, observing the usual location 
significance, thus: 


/VT 




SECTION V—GROOVE WELDS 


501. General 

(a) Dimensions of groove welds shall be shown on the same side of 
the reference line as the weld symbol, thus: (See also Fig. 31 B.) 



(b) When no general note governing the dimensions of groove welds 

appears on the drawing, the dimensions of double-groove welds shall be 
shown as follows: 


(1) When both welds have the 
dimensioned, thus: 


same dimensions, 


one or both 


II 


ay be 



(2) When the welds differ in dimensions, both shall be dimensioned 
thus : 



there appears on the drawing a general note governing the 
groove welds, such as “All V-groove welds shall have a 60° 
groove angle un j ess otherwise noted," the dimensions of double¬ 
welds shall be indicated as follows 



(c) When 
dimensions of 


11) When both welds have dimensions governed by the note, neither 


•«aM F i nish . symbols used herein indicate the method of finishing (“C” = chmnimr- 
grinding; "M” = machining) and not the degree of finish. g ' 
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need be dimensioned, thus: 



(2) When the dimensions of one or both welds differ from the di¬ 
mensions given in the general note, both welds shall be dimen¬ 
sioned, thus: 



502. Size of Groove Welds 

(a) The size of groove welds shall be shown to the left of the weld 
symbol, thus: (See also Figs. 25, 26 and 27.) 



( b ) The size of groove welds with no specified root penetration shall 
be shown as follows: 

(1) The size of single-groove and symmetrical double-groove welds 
which extend completely through the member or members being 
joined, need not be shown on the welding symbol. (See Figs. 
25 D and 2 5E.) 

(2) The size of groove welds which extend only partly through the 
member or members being joined, shall be shown on the welding 
symbol. (See Figs. 25^4, 25 C and 25 F.) 

(c ) The size of groove welds with specified root penetration shall be 
indicated by showing both the depth of chamfering and the root 
penetration, separated by a plus mark and placed to the left of the weld 
symbol. The depth of chamfering and the root penetration shall rea 
in that order from left to right along the reference line, thus: (See also 
Figs. 26 and 27.) 





513. Groove Dimensions 

(a) Root opening of groove welds shall be the user’s standard unless 
otherwise indicated. Root opening of groove welds, when not the user 
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standard, shall be shown inside the weld symbol, thus: (See also Fig. 28.) 



(b) Groove angle of groove welds shall be the user's standard, unless 
otherwise indicated. Groove angle of groove welds, when not the user's 
standard, shall be shown thus: (See also Fig. 29.) 





6 0 ° 



40° ^ 


(c) Groove radii and root faces of U- and J-groove welds shall be the 
user s standard unless otherwise indicated. When groove radii and root 
laces of U- and J-groove welds are not the user’s standard, the weld shall be 
shown by a cross section, detail or other data, with a reference thereto on 
the welding symbol, observing the usual location significance, thus: 


SEC. A-A 


N 


\ 


DWG. 278 


NOTE 18 
NOTE 19 



504. Designation of Back and Backing Welds 

Bead-type back and backing welds of single-groove welds shall be shown 
by means of the bead weld symbol. (See Art. 002.) 


505. Surface Contour of Groove Welds 

(a) Groove welds that are to be welded approximately flush without 
recourse to any method of finishing shall be shown by adding the flush- 
contour symbol to the weld symbol, observing the usual location sig¬ 
nificance, thus: (See also Fig. 30 A.) 



W Groove welds that are to be made flush by mechanical means 
shall be shown by adding both the flush-contour symbol and the user's 
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standard finish symbol* to the weld symbol, observing the usual location 
significance, thus: (See also Fig. 30 B.) 



( c) Groove welds that are to be mechanically finished to a convex 
contour shall be shown by adding both the convex-contour symbol and 
the user’s standard finish symbol* to the weld symbol, observing the 
usual location significance, thus: (See also Fig. 30 C.) 




SECTION VI—BEAD WELDS 


601. General 

(a) The single bead weld symbol shall be used to indicate bead-type 
back or backing welds of single-groove welds. (See Fig. 13.) 

( b) The dual bead weld symbol shall be used to indicate surfaces built 
up by welding. (See Fig. 14.) 

602. Use of Bead Weld Symbol to Indicate Bead-Type Back or Backing 
Welds 

(a) Bead welds used as back or backing welds of single-groove welds, 
shall be shown by placing a single bead weld symbol on the side of the refer¬ 
ence line opposite the groove weld symbol, thus: (See also Figs. 13, 20A 
and 20 B.) 



( b ) Dimensions of bead welds used as back or backing welds shall not 
be shown on the welding symbol. If it is desired to specify these dimen¬ 
sions, they shall be shown on the drawing. 


603. Surface Contour of Back or Backing Welds 

(a) Back or backing welds that are to be welded approximately flush 
without recourse to any method of finishing shall be shown by adding e 
flush-contour symbol to the bead weld symbol, thus: 

* Finish symbols used herein indicate the method of finishing ( C — chipp g» 
“6'” = grinding: “M” = machining) and not the degree of finish. 
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(b) Back or backing welds that are to be made flush by mechanical 
means shall be shown by adding both the flush-contour symbol and the 
user s standard finish symbol* to the bead weld symbol, thus: 



( c ) Back or backing welds that are to be mechanically finished to a con¬ 
vex contour shall be shown by adding both the convex-contour symbol and 
the user’s standard finish symbol* to the bead weld symbol, thus: 



604. Use of Bead Weld Symbol to Indicate Surfaces Built Up by 
Welding 

(a) vSurfaces built up by welding, whether by single- or multiple-pass 

bead welds, shall be shown by the dual bead weld symbol, thus: (See also 
F »g. 14.) 



(b) The dual bead weld symbol does not indicate the welding of a joint, 
and hence has no arrow- or other-side significance. This symbol shall be 
drawn on the side of the reference line toward the reader and the arrow 
shall point clearly to the surface on which the weld is to be deposited 
(See Fig. 14.) 

(c) Dimensions used in conjunction with the dual bead weld symbol 
shall be shown on the same side of the reference line as the weld symbol 
thus: (See also Fig. 14.) 



, * Finish symbols used herein indicate the method of finishing ("C" «= chipping* 
° *= grinding; “M” = machining) and not the degree of finish. 
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605. Size (Height) of Surfaces Built Up by Welding 

(a) The size of a surface built up by welding shall be indicated by 
showing the minimum height of the weld deposit to the left of the weld 
symbol, thus: (See also Fig. 14 A.) 


( b ) When no specific height of weld deposit is desired, no size dimension 
need be shown on the welding symbol. 

606. Extent, Location and Orientation of Surfaces Built Up by Welding 

(a) When the entire area of a plane or curved surface is to be built up 
by welding, no dimension other than size (height of deposit) need be shown 
on the welding symbol. (See Fig. 14 C.) 

( b ) When a portion of the area of a plane or curved surface is to be built 
up by welding, the extent, location and orientation of the area to be built 
up shall be indicated on the drawing. (See Fig. 14D.) 

SECTION VII—PLUG WELDS 

701. General 

(a) Holes in the arrow-side member of a joint for plug welding shall 
be indicated by placing the weld symbol on the side of the reference 
line toward the reader, thus: (See also Fig. 15A.) 




SECTION OR PLAN OR 

END VIEW ELEVATION 

DESIRED SYMBOLS 

(6) Holes in the other-side member of a joint for plug welding shall 
be indicated by placing the weld symbol on the side of the reference line 
away from the reader, thus: (See also Fig. 15B.) 



SECTION OR PLAN OR 

END VIEW ELEVATION 

SYMBOLS 


DESIRED 
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(c) Dimensions of plug welds shall be shown on the same side of the 
ieference line as the weld symbol, thus: (See also Fig. 32.) 



( d ) The plug weld symbol shall not be used to designate fillet welds 
in holes. (See Article 40S.) 

702. Size of Plug Welds 

The size of a plug weld shall be shown to the left of the weld symbol, 
thus: (See also Fig. 32A.) 



703. Angle of Countersink 

(a) Included angle of countersink of plug welds shall be the user’s 
standard unless otherwise indicated. Included angle of countersink, when 
not the user’s standard, shall be shown thus: (See also Fig. 32B.) 



704. Depth of Filling 

(a) Depth of filling of plug welds shall be complete unless otherwise 
indicated. When the depth of filling is less than complete, the depth of 
lilling, in inches, shall be shown inside the weld symbol, thus: (See also 

Fig. 32 C.) 



705. 


Spacing of Plug Welds 


Fitch (center-to-center spacing) of plug welds shall be shown to the right 
of the weld symbol, thus: (See also Fig. 32D.) 
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706. Surface Contour of Plug Welds 

(a) Plug welds that are to be welded approximately flush without re¬ 
course to any method of finishing shall be shown by adding the flush- 
contour symbol to the weld symbol, thus: 



( b ) Plug welds that are to be made flush by mechanical means shall 
be shown by adding both the flush-contour symbol and the user’s standard 
finish symbol* to the weld symbol, thus: 



SECTION VIII—SLOT WELDS 

801. General 

(a) Slots in the arrow-side member of a joint for slot welding shall 
be indicated by placing the weld symbol on the side of the reference line 
toward the reader, thus: (See also Fig. 16^4.) 


“1 



[- 1 


• 
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z_ 

< 

i 

J 





DESIRED SYMBOL 

( b ) Slots in the other-side member of a joint for slot welding shall be 
indicated by placing the weld symbol on the side of the reference line 
away from the reader, thus: (See also Fig. 16i3.) 
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DESIRED SYMBOL 

* Finish symbols used herein indicate the method of finishing ("C = chipping, 

“G” = grinding; "M” = machining) and not the degree of finish. 
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(c) Dimensions of slot welds shall be shown on the same side of the 
reference line as the weld symbol, thus: (See also Fig 33.) 


PET. "A" /3/4^ 


( d ) The slot weld symbol shall not be used to designate fillet welds in 
slots. (See Article 408.) 

802. Depth of Filling 

(a) Depth of filling of slot welds shall be complete unless otherwise 
indicated. When the depth of filling is less than complete, the depth of 
filling, in inches, shall be shown inside the weld symbol, thus: (See also 

Fig. 335.) 




803. Details of Slot Welds 

Length, width, spacing, included angle of countersink, orientation 
and location of slot welds cannot be shown on the welding symbol. 
These data shall be shown on the drawing or by a detail with a reference 
thereto on the welding symbol, observing the usual location significance 
thus: (See also Fig. 33.) 


__ T \ dWG 113 \~ ZZ_ 

PET. M G" / \ \ 

804. Surface Contour of Slot Welds 

(a) Slot welds that are to be welded approximately flush without re¬ 
course to any method of finishing shall be shown by adding the flush-con¬ 
tour symbol to the weld symbol, thus: 



(b) Slot welds that are to be made flush by mechanical means shall be 
s lown by adding both the flush-contour symbol and the user's standard 
finish symbol* to the weld symbol, thus: 



Finish symbols used herein indicate the method of finishing (**C 
= grinding; “M* = machining) and not the degree of finish. 


9 9 


chipping; 
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SECTION IX—SPOT WELDS 


901. General 

(a) Spot weld symbols have no arrow- or other-side significance in them¬ 
selves, although supplementary symbols used in conjunction therewith 
may have such significance (See Article 906.) Spot weld symbols shall be 
centered on the reference line. (See Fig. 17.4.) 

( b ) Dimensions of spot welds may be shown on either side of the refer¬ 
ence line. 


902. Size of Spot Welds 

Spot welds shall be dimensioned by either size or strength, as follows: 

(1) The size of spot welds shall be designated as the diameter of the 
weld expressed decimally in hundredths of an inch, and shall be 
shown, with inch marks, to the left of the weld symbol, thus: (See 
also Fig. 344.) 



(2) The strength of spot welds shall be designated as the minimum 
acceptable shear strength in pounds per spot, and shall be shown to 
the left of the weld symbol, thus: (See also Fig. 34i?.) 


8oo \iy / _ 

A\ 700 



903. Spacing of Spot Welds 

(a) The pitch (center-to-center spacing) of spot welds shall be shown 
to the right of the weld symbol, thus: (See also Fig. 34C.) 

( b ) When spot weld symbols are shown directly on the drawing, spac¬ 
ing shall be.shown by dimensions. (See Fig. 34 D.) 
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904. Extent of Spot Welding 

When spot welding extends less than the distance between abrupt 
changes in the direction of the welding, or less than the full length of the 
joint (see Article 310), the extent shall be dimensioned, thus: (See also 

Fig. 35^4.) 



905. Number of Spot Welds 

When a definite number of spot welds is desired in a certain joint, the 
number shall be shown in parentheses either above or below the weld 
symbol, thus: (See also Fig. 3 5B.) 

(4) A 

^ 

A (3) 

906. Flush Spot-Welded Joints 

When the exposed surface of one member of a spot-welded joint is to 
be flush, that surface shall be indicated by adding the flush-contour sym¬ 
bol to the weld symbol, observing the usual location significance, thus: 



SECTION X—SEAM WELDS 

1001. General 

( a ) Seam weld symbols have no arrow- or other-side significance in 
themselves, although supplementary symbols used in conjunction there¬ 
with may have such significance. (See Article 1007.) Seam weld sym¬ 
bols shall be centered oil the reference line. (See Fig. 17 B.) 

(b) Dimensions of seam welds may be shown on either side of the refer¬ 
ence line. 


1002. Size of Seam Welds 

Seam welds shall be dimensioned by either size or strength as follows: 
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(1) The size of seam welds shall be designated as the width of the 
weld expressed decimally in hundredths of an inch, and shall be 
shown, with inch marks, to the left of the weld symbol, thus: (See 
also Fig. 36.4.) 



(2) The strength of seam welds shall be designated as the minimum 
acceptable shear strength in pounds per linear inch, and shall be 
shown to the left of the weld symbol, thus: (See also Fig. 36B.) 



1003. Length of Seam Welds 

(a) The length of a seam weld, when indicated on the welding symbol, 
shall be shown to the right of the weld symbol, thus: (See also Fig. 36.4.) 



( b ) When seam welding extends for the full distance between abrupt 
changes in the direction of the welding (see Article 310), no length dimen¬ 
sion need be shown on the welding symbol. 

( c ) When seam welding extends less than the distance between abrupt 
changes in the direction of the welding, or less than the full length of the 
joint (see Article 310), the extent shall be dimensioned, thus: (See also 

Fig. 36C.) 



1004. Dimensioning of Intermittent Seam Welding 

(a) The pitch (center-to-center spacing) of intermittent seam welding 
shall be shown as the distance between centers of the weld increments. 

(b) The pitch (center-to-center spacing) of intermittent seam welding 
shall be shown to the right of the length dimension, thus: (See also fug. 

36.4.) 
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1005. Termination of Intermittent Seam Welding 

(a) When intermittent seam welding is used by itself, the symbol 
indicates that increments shall be located at the ends of the dimensioned 
length. (See Fig. 36^4.) 

0 b ) When intermittent seam welding is used between continuous seam 
welding, the symbol indicates that spaces equal to the pitch minus the 
length of one increment shall be left at the ends of the dimensioned length. 

1006. Combination of Intermittent and Continuous Seam Welding 

Separate symbols shall be used for intermittent and continuous seam 
welding when the two are used in combination. 

1007. Flush Seam-Welded Joints 

When the exposed surface of one member of a seam-welded joint is to 
be flush, that surface shall be indicated by adding the flush-contour sym¬ 
bol to the weld symbol, observing the usual location significance, thus: 


-XXX a ^yXXX 


SECTION XI—PROJECTION WELDS 


1101. General 

(a) Embossments on the arrow-side member of a joint for projection 
welding shall be indicated by placing the weld symbol on the side of the 
reference line toward the reader, thus: (See also Fig. 18^4.) 



SECTION OR PLAN OR 

END VIEW ELEVATION 

DESIRED SYMBOLS 
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(6) Embossments on the other-side member of a joint for projection 
welding shall be indicated by placing the weld symbol on the side of the 
reference line away from the reader, thus: (See also Fig. 1823.) 



DESIREO 
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END VIEW ELEVATION 

SYMBOLS 


( c ) Proportions of projections shall be shown by a detail or other 
suitable means. 

(d) Dimensions of projection welds shall be shown on the same side 
of the reference line as the weld symbol, thus: (See also Fig. 3 SC,) 



1102. Size of Projection Welds 

Projection welds shall be dimensioned by either size or strength, as 
follows: 

(1) The size of projection welds shall be designated as the diameter 
of the weld expressed decimally in hundredths of an inch, and shall 
be shown, with inch marks, to the left of the weld symbol, thus: 
(See also Fig. S7A.) 



• • 

(2) The strength of projection welds shall be designated as the mini¬ 
mum acceptable shear strength in pounds per weld, ^nd shall be 
shown to the left of the weld symbol, thus: (See also Fig. 3723.) 



1103. Spacing of Projection Welds 

The pitch (center-to-center spacing) of projection welds shall be shown 
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to the right of the weld symbol, thus: (See also Fig. 37C.) 



1104. Extent of Projection Welding 

When projection welding extends less than the distance between abrupt 
changes in the direction of the welding, or less than the full length of the 
joint (see Article 310), the extent shall be dimensioned, thus: (See also 

Fig. 38A.) 



1105. Number of Projection Welds 

When a definite number of projection welds is desired in a certain 
joint, the number shall be shown in parentheses, thus: (See also Fig. 
38J3.) 


(4) 


x 


(3) 

X 


1106. Flush Projection-Welded Joints 

When the exposed surface of one member of a projection welded joint 
is to be made flush, that surface shall be indicated by adding the flush- 
contour symbol to the weld symbol, observing the usual location signifi¬ 
cance, thus: 


XX 


x_x 


SECTION XII—FLASH AND UPSET WELDS 


1201. 

(a) 


General 

Flash and upset weld symbols have no arrow-side or other-side 
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significance in themselves although supplementary symbols used in con¬ 
junction therewith may have such significance (see Article 1202). Flash 
or upset weld symbols shall be centered in the reference line. (See Fig. 19.) 
( b ) Dimensions of flash and upset welds shall not be shown on the 

welding symbol. 

1202. Surface Contour of Flash and Upset Welds 

(a) Flash and upset welds tftat are to be made flush by mechanical 
means shall be shown by adding both the flush-contour symbol and the 
user’s standard finish symbol* to the weld symbol, observing the usual 
location significance, thus: (See also Fig. 39 A.) * 



( b ) Flash and upset welds that are to be mechanically finished to a 
convex contour shall be shown by adding both the convex-contour symbol 
and the user’s standard finish symbol* to the weld symbol, observing the 
usual location significance, thus: (See also Fig. 395.) 


G M 



M 


* Finish symbols used herein indicate the method of finishing (“C” = chipping; 
“G” = grinding; “M” = machining) and not the degree of finish. 
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Fig. 5—Basic Types of Joints 
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Fig. 6—Application of Fillet Welding Symbols 
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Fig. 7—Application o£ Fillet Welding Symbols 
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(B) OTHER-SIDE SQUARE-GROOVE WELDING SYMBOL 
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BOT H - SIDES SQUARE - GROOVE WELDING SYMBOL 
Fig. 8—Application of Square-Groove Welding Symbols 
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Fig. 9—Application of Bevel-Groove Welding Symbols 
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Fig. 10—Application of V-Groove Welding Symbols 
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Fig. 11—Application of J-Groove Welding Symbols 
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Fig. 12—Application of U-Groove Welding Symbols 
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Fig. 13—Application of Bead Weld Symbol to Indicate 

Bead-Type Back and Backing Welds 
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Fig. 14—Application of Dual Bead Weld Symbol to Indicate 

Surfaces Built Up by Welding 




WELDING SYMBOLS 



Fig. IS—Application of Plug Welding Symbols 
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Fig. 16—Application of Slot Welding Symbols 
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Fig. 17—Application of Spot and Seam Welding Symbols 
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Fig. 19—Application of Flash and Upset Welding Symbols 
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(D)SINGLE-BEVEL-GROOVE AND DOUBLE- FILLET WELD SYMBOLS 


Fig. 20—Combination of Weld Symbols 






W ELDING SYMBOLS 


1415 




1416 


AWS STANDARDS 


LOCATE WELDS AT ENDS OF JOINT 


A OF WELD 

v •• 


2-4 


ft 




DESIRED WELDS 


SYMBOL 


LENGTH AND PITCH OF INCREMENTS 
OF INTERMITTENT WELDING 


LOCATE WELDS AT ENDS OF JOINT 




<t_OF WELD 



DESIRED WELDS 


SYMBOL 


(B) 


LENGTH AND PITCH OF INCREMENTS 
OF CHAIN INTERMITTENT WELDING 


LOCATE WELDS AT ENDS OF JOINT 


K3H 


•K3 


3-10 


10 


4OF WELDS 


DESIRED WELDS 


SYMBOL 


1C) 


LENGTH AND PITCH OF INCREMENTS 
OF STAGGERED INTERMITTENT WELDING 


Fig. 22—Application of Dimensions to Intermittent Fillet 

Welding Symbols 
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Fig. 24—Designation of Extent of Welding 
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Fig. 25—Designation of Size of Groove Welds with No Specified 

Root Penetration 
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Fig. 26 
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Fig. 29—Designation of Groove Angle of Groove Welds 
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Fig. 30—Application of Flush- and Convex-Contour Symbols to 
' Groove Welding Symbols 
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Fig. 31—Application of Dimensions to Fillet and Groove Welding 

Symbols 
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32—Application of Dimensions to Plug Welding Symbols 
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Fig. 33—Application o£ Dimensions to Slot Welding Symbols 
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Fig. 34—Application of Dimensions 
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35—Application of Dimensions to Spot Weldina 
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(A) 


( 0 ) 


MIN. ACCEPTABLE 
SHEAR STRENGTH 
2000 LBS/ LIN. IN 




OESIRED WELD 


STRENGTH OF SEAM WELDS 


8 - 


! WJMJ/WA 


A-A 


DESIRED WELD 


SYMBOL 


<C) 


EXTENT OF SEAM WELDS 


Fig. 36—Application of Dimensions to 


Welding Symbols 





WELDING SYMBOLS 



IS 



IS 

shb 


i3=£ 


A - A 

OESIRED WELDS 


SYMBOL 


(A) 


DIAMETER OF PRO J E CT10 N W E LDS 



ACCEPTABLE SHEAR 
STRENG TH PER WELD 

. .....J 


A — A 

DESIRED WELD 



(B) 


SHEAR STRENGTH OF PROJECTION WELDS 



OESIRED WELD 



(C) 


PITCH OF PROJECTION WELDS 


Fig. 37—Application of Dimensions to Projection Welding 

Symbols 
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i i 


K !□ 


(A) 


A-A 


OESIRED WELDS 


16 -H 


( 8 ) 


SYMBOL 


EXTENT OF PROJECTION WELDING 


(B) 


V J 


) 




1 

.25 

T 

T 


t 


.25 


A-A 


DESIRED WELDS 


SYMBOL 


SPECIFIED NUMBER OF PROJECTION WELDS 

LOCATED AT RANDOM 


MIN. DIA. 


.25 


/y \> 


a v 


1 




1 

1 

Li. -^- 


DESIRED WELDS 


SYMBOL 


(C) 


PROJECTION WELDING SYMBOL 
SHOWING USE OF COMBINED DIMENSIONS 


Fig. 38—Application of Dimensions to Projection Welding 

Symbols 




WELDING SYMBOLS 


33 


FLASH WELDED 



MACHINED FLUSH 



PROCESS 
REFERENCE 
BE PLACED 
SYMBOLS 



MUST 

ON 







UPSET WELDED 


AFTER FINISHING 


DESIRED WELD 


SYMBOL 


FLASH AND UPSET WELDS FINISHED FLUSH 




FLASH WELDED 



UPSET WELDED 


GROUND TO SMOOTH 
CONTOUR—7 


1 


PROCESS 
REFERENCE 
BE PLACED 
SYMBOL^ 


MUST 

ON 


AFTER FINISHING 




DESIRED WELD 


SYMBOL 


FLASH AND UPSET WELDS FINISHED TO SMOOTH CONTOUR 

(B) 


Fig. 39—Application of Flush- and Convex-Contour Symbol 

to Flash and Upset Welding Symbols 
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DESIRED 


PROCESS REFERENCE 
MUST BE PLACED ON SYMBOL 




PROCESS REFERENCE 
MUST BE PLACED 
ON SYMBOL - 




DESIRED 


SYMBOL 



PROCESS REFERENCE 
MUST BE PLACED^J 
ON SYMBOL 



DESIRED 


SYMBOL 


Fig. 40—Application of Brazing Symbols 
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DESIRED WELD 


PREPARATION 


SYMBOL 




PROCESS- y / 

REFERENCE 
MUST B£ PL ACE 0 
ON SYMBOL 


DESIRED WELD 


PREPARATION 

STUD-WELDED STUDS 


SYMBOL 


Q 



DESIRED WELD 


PREPARATION 


SYMBOL 


DESIRED WELD PREPARATION 

ARC-OR GAS-WELDED STUDS 


SYMBOL 


DESIRED WELD 


PREPARATION 


SYMBOL 


PROJECTION-WELDED STUDS 


Fig. 41—TJse o£ Welding Symbols to Indicate the Welding of 

Studs 
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Fig. 42—Use o£ Resistance Welding Symbols on Sheet-Metal 

Fabrication Drawing 




1437 














1438 


AWSSTANDARDS 
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Fig. 45—Use of Welding Symbols on Structural Drawing 












AMERICAN WEEING SOCIETY 


SUMMARY OF STANDAID WELDING SYMBOLS 


IDENTIFICATION OF ARROW S I DE AND OTHER SIDE OF joint AND ARROW-S IDE AND OTHER-S I DE MEMBER OF JOINT 



OTMH S'Ot 
Of JOINT 






ARROW Of — 
WCLO'NG SYMBOL 



LOCATION 

SIGNIFICANCE 


ARROW SIOE 


OTHER SIDE 


BOTH SIDES 


NO ARROW-SIOE 
OR 

OTHER SIDE 
SIGNIFICANCE 


BEAD 


BASIC 


WELDING 


FILLET 


AND GAS WELDING SYMBOLS 


E 


SQUARE \/ 0EVEL 





RESISTANCE WELDING SYMBOLS 


F L A S H 

JECTION SPOT SEAM OR 

UPSET 



NOT 

usco 


NOT 

useo 


NOT 

used 


NOT 

USEO 


NOT 

USEO 


NOT 

USEO 


NOT 

USEO 


NOT 

USEO 


NOT 

USEO 


NOT 

USEO 


NOT 

USEO 


NOT 

USEO 


NOT 

USEO 


NOT 

USEO 


NOT 

USEO 


LOCATION OF ELEMENTS OF A WELDING SYMBOL 


Finish Symbol- 

CONTOUR SYMBOL- 

ROOT OPENING; OEPTm Of FILLING 
FOR PLUG ANO SLOT WElOS 

SiZE; SIZE OR STRENGTH—. 

FOR RESISTANCE WELOS \ 

REFERENCE LINE-\ \ 



SPECIFICATION, PROCESS.-* \ 
OR OTHER REFERENCE \ 

TAIL (OMIT WHEN REFERENCE 
IS NOT USEO) 

BASIC WELD SYMBOL OR- 

OE TAIL RE FERENCE 


cr 




(N) 


L-P. 


GROOVE ANGLE \ INCLUOEO 
ANGLE OF COUNTERSINK 
FOR PLUG WELOS 

LENGTH OF WELD 

•PITCH (CENTER TO CENTER 
SPACING) OF WELOS 

pARROW CONNECTING REF- 
\ ERENCE LINE TO ARROW SlOE 
\ OR ARROW-SlOE MEMBER OF 
'JOIN T 


FlELO WELO SYMBOL 
WELO ALL-AROUND SYMBOL 
NUMBER OF SPOT OR 
PROJECTION WELOS 


BEAOWELD SYMBOL INDICATING BE AO TYPE BACK WELO 



ANY APPLICABLE SINGLE 
GROOVE WELO SYMBOL 


TYPICAL WELDING SYMBOL 


Size (length of leg) 



length OF INCRCMCNH 

r P,TCH (DISTANCE 0CTJBH 
1 C£ N T E R S) OF iNCRtUt 1 S J 


PROJECTION WELDING SYMBOL 


SIZE (MIN ACCEPTABLE 
SHEAR STRENGTH iN L8 
PER WELO). 

01A OF WELO MAY BE 
USED INSTEAD 



PITCH (DISTANCE 
BETWEEN CENTERS) Of 
WELOS 

NUMBER OF WELOS 


DUAL BEAD WELO S YMBOL IN DICAT ING BU.LT-UP SURFACE | S.NGLE-V GROOVE WELDING SYMBOL 


SIZE (height OF DEPOSIT 
OMISSION INDICATES NO 
SPECIFIC HEIGHT OESiREO 



ORIENTATION, LOCATION 
ANO ALL DIMENSIONS 
OTHER THAN SIZE ARE 
SHOWN ON THE ORAWING 


DOUBLE-FILLET WELDING SYMBOL 

SIZE (LENGTH OF LEG).--v 


SPECIFICATION, PROCEST] 
OR OTHER REFERENCE 



[length 

OMISSION INOICATCS 
'THAT WELO EXTENDS 
BETWEEN ABRUPT 
.CHANGES IN OlRECTiON 

(OR AS oimensioneo 


CHAIN-INTERMITTENT-FILLET WELDING SYMBOL 


SIZE (LENGTH OF LEG) 


2-6 


SIZE I0EPTH of CHAMFEI 
OMISSION INOICATES OEP 
OF CHAMBERING EQUAL Ti 
thickness of members 




60* 


ROOT OPENING. 
GROOVE ANGLE. 


PLUG WELDING SYMBOL 


SlZEIDlVOr HOLE AT noon. 

INCLUOEO ANGLE - T_ 

OF COUNTERSINK I- 


SINGLE-V GROOVE WELDING SYMBOL INDICATING ROOT PENETRA TION SLOT WELDING SYMBOL 


„fDEP™ OF CHAMFERING-^ ± + J- 
PLUS 4V2 

IRCOT PENETRATION-^ 


ROOT OPENING 
GROOVE ANGLE. 


DOUBLE-BEVEL GROOVE WELDING SYMBOL 


LENGTH OF INCREMENTS 

[PITCH (OISTANCE BETWEEN 
(CENTERS) OF INCREMENTS 


OMISSION OF SIZE OiMENSlON 
INOICATES A TOTAL OEPTM 
OF CHAMFERING EQUAL TO 
THICKNESS OF MEMBERS. 

GROOVE ANGLE -- 


’vraRRow POINTS T0«« r 
[member TO B£ 

—ROOT OPENING 


OEPTM OF FILLING In“1 

INCHES. 

OMISSION INOICATES 
FILLING IS COMPLETE. 


SPOT WELDING Svuam 
Slit (OIA or WELO). ~\ 

“ ««• r 


'2' 

,45- 


ZJ7, 


•.25” 


PITCH (OISTANCE 

BET WEEN CENTERS) OF 

WELOS 

bEPTM OF FILLING IN 


bEPTH OF F 
INCHES 
OMISSION IN 
FILLING IS C 


INOICATES 

complete. 


ORIENTATION, LOCATION 
ANO ALL DIMENSIONS 
OTHER THAN OEPTM OF 
FILLING ARE SHOWN 
ON THE DRAWING. 


NUMBER OF WELOS. 

[PITCH (OISTANCE 
BETWEEN CENTERS) OF 
[increments 


SIZE (WlOTH OF WELO). 
MIN ACCEPTABLE SHEAR 
STRENGTH IN LB PER 
LINEAR INCH MAY BE 
USEO INSTEAD 


FLASH OR UPSET WELDING SYMBOL 




A-2 


LENGTH OF WELOS OR 
INCREMENTS 
OMISSION INOICATES THAT 
WELO EXTENOS BETWEEN 
ABRUPT CHANGES IN 
OlRECTiON OR AS 
.QIME NSlONEO 
Pitch (oistance 

BETWEEN CENTERS) OF 
NCREMENTS 


PROCESS REFERENCE 
MUST BE USEO TO 
INDICATE PROCESS 
OESIREO 


BRAZING FORGE. THERMIT, INDUCTION AND FLOW WELDING 


SYMBOL . J 


PROCESS REFERENCE 
MUST BE USEO TO 
INOICATE PROCESS 
OESIREO 


E 


B-8 


WELO-ALL-AROUND SYMBOL 


PPL EMENTARY 



WELD-ALL-AROUNO SYMBOL 
INOICATES THAT WELO EXTENDS 
COMPLETELY AROUND The JOINT 


FIELD WELD SYMBOL 


Y M B 


FlELO WELD » YM 2? L t '0l 

r T LVcrs&* 


gj-USH-C ONTOUR SYMHfti 

gaaraanas -1 

«»eo E .“t A h§ut L a 8 f M I n*s M h N " 

?J M ulliK* TE5 *ELO \ 

SUBTRArriw/^ USH w,Th °UT \ 
j^oTRACTiyg Finish ina 


ELDING SYMBOLS 

I CONVEX-CONTOUR SYMBOL 


FINISH SYMBOL (USER'S 

sro) 

INOICATES METHOO OF 
OBTAINING SPECIFIED 
CONTOUR BUT HQl 

. . . » a r> /\r ■ C ki 


CONVEX-CONTOUR SYMBOL 
INOICATES FACE OF WELO 
TO BE FINISHEO TO 
CONVEX CONTOUR. 


FINISH SYMBOL (USER'S 

INDICATES METHOO OF 
OBTAINING SPECIFIED 
CONTOUR BUT flfil 
DEGREE OF FINISH. 















































CHAPTER 59 


STANDARD METHODS FOR MECHANICAL 

TESTING OF WELDS* 


FOREWORD 


A S FOR any engineering product, the quality of welds depends upon 
competent inspection and adequate tests. Experience has shown 
that, in general, mechanical tests to determine their strength and other 
properties are the least expensive and most reliable tests for the quality of 
welds. Therefore, they are the tests most widely used. In addition, other 
tests are used in some cases. No other tests appear likely to replace 
mechanical tests entirely. 

Mechanical tests for welds are similar to the usual mechanical tests for 
the base metal—plate, tubes, etc., with the changes which have been found 
necessary to determine the properties of welds. These tests for welds 
have now been used for a sufficient length of time to indicate quite defi¬ 
nitely the properties to be determined and the test procedures which not 
only give adequate information as to the quality of the weld but are the 
most practicable for welded fabrications. 

Although there is a surprising agreement among welding engineers on the 
properties to be determined and, in general, the test procedure, there is a 
wide divergence in the shape and size of the specimens and the details of the 
test procedure. This considerably increases the cost of making the tests, 
and decreases the usefulness of the results obtained under different codes 
and specifications, because they cannot be compared directly. There is no 
logical reason why for a particular welded fabrication the same size and 
shape of specimen and the same test procedure should not be used by every 
one. Standardization in this field has all the advantages to every one con¬ 
cerned that are so generally recognized in other fields and need not be dis¬ 
cussed here. 

Standardization of the mechanical tests for welds does not necessarily 
apply to research. It does apply to all tests during commercial pro¬ 
duction, i.e., what are often called “routine tests.” 

* Prepared by the AWS Committee on Standard Tests for Welds. 
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GENERAL REQUIREMENTS 
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I. Scope 

This standard gives the requirements for the specimens, the testing 
procedure and the method of obtaining the properties. It is not a speci¬ 
fication promulgating required values of the properties. The persons 
including this standard as a portion of a code or specification for a 
welded product should state definitely: 

1. The one or more tests which are required. 

2. The limiting numerical values of the properties and whether they 

are minimum or maximum. 

3. The interpretation, if any, of the properties. 


II. Testing Procedure 

All tests involving the application of a tensile load to a specimen shall be 
carried out in accordance with the applicable portions of “Standard 
Methods of Tension Testing of Metallic Materials,” A. S. T. M. Designa¬ 
tion E-8. 

III. Nomenclature 

The terminology used in this standard conforms to the “Standard 
Definitions of Terms Relating to Methods of Testing, A. S. T. M. Designa¬ 
tion E-6, and to the standard of the American Welding Society, entitled 
“Definitions of Welding Terms and Master Chart of Welding Processes.” 
The term “soundness” used in this standard means the degree of freedom of 
a weld from defects discernible by visual inspection of any exposed surface 
of weld metal. In preparing reports of tests made in accordance with this 
standard, nomenclature shall conform to the above standards and defini¬ 
tions. 

IV. Etching 

Specimens to be tested in accordance with this standard shall be etched 
for either of two purposes: (1) to determine the soundness of a weld (see 

Sec. VI, B), or (2) to determine the location of a weld. 

For tests in which the dimensions of the specimen, the procedure or the 
results depend upon the location of the weld, the surface of the specimen at 
and adjacent to the weld shall first be etched with any reagent which 
makes the boundary between the weld metal and the base metal visible, 
if the boundary is not already distinctly visible. 

Note : Some reagents commonly used for carbon steels and low-alloy 

steels (5% or less of alloying elements) are the following: 

Hydrochloric acid— Equal parts by volume of concentrated hydro¬ 
chloric (muriatic) acid and water. Immerse the welds in this 
reagent at or near the boiling temperature. Hydrochloric acid 
will etch satisfactorily on unpolished surfaces. It will usually 
enlarge gas pockets and dissolve slag inclusions, enlarging the 

resulting cavities. 

Ammonium persulphate— One part of ammonium persulphate 
(solid) to nine parts of water by weight. Vigorously rub the sur- 
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face of the weld with cotton saturated with this reagent at room 
temperature. 

Iodine and potassium iodide —One part of powdered iodine (solid) 
to twelve parts of a solution of potassium iodide by weight. The 
solution should consist of one part of potassium iodide to five 

parts of water by weight. Brush the surface of the weld with 
this reagent at room temperature. 

Nitric acid —One part of concentrated nitric acid to three parts of 
water by volume. 

Caution —Always pour the acid into the water when diluting. 
Nitric acid causes bad stains and severe burns. • 

Either apply this reagent to the surface of the weld with a glass 
stirring rod at room temperature, or immerse the weld in boiling 
reagent provided the room is well ventilated. Nitric acid etches 
rapidly. It should be used on polished surfaces only, and will 
show the refined zone as well as the weld metal zone. 


After etching, the weld should immediately be washed in clear water, 
preferably hot water; the excess water should be removed; the etched 
surface should then be immersed in ethyl alcohol, removed and dried, 
preferably in a warm air blast. The appearance may be preserved by 
coating with a thin clear lacquer. 


DETAILS OF TESTS 


V. Base Metal 

If there are specifications for the base metal, the tests of the base metal 
shall be in accordance with these specifications. 

If there are no specifications for the base metal, the tests of the base 
metal shall be carried out in accordance with the standards of the American 
Society for Testing Materials. Tensile tests, if any, shall be in accordance 
with “Standard Methods of Tension Testing of Metallic Materials,” 
A. S. T. M. Designation E-8. 

VI. Weld Metal 

A . Density 

1. Specimen .—The specimen, A , shall be a cylinder complying with the 
requirements of Fig. 1, and consisting entirely of metal from the deposited 
metal zone. If the size of the weld is insufficient, the specimen may be ma¬ 
chined from a test plate complying with the requirements of Fig. 2. 



Fig. 1— Density Specimen A 



STANDARD TESTS FOR WELDS 


1445 


Po/fec/ lines show position from which 

specimen A sha// be machined 



Fig. 2—-Test Plato for Density Specimen A 


2. Procedure .—After the specimen has been subjected to room tempera¬ 
ture for not less than two hours, the average dimensions shall be measured 
(screw micrometer) to the nearest 0.0001 inch and the room temperature 
in degrees Centigrade shall be determined. Using a balance having an 
error not exceeding 0.0001 gm., the weight of the specimen in air shall be 
determined. 

3. Results .—The density shall be computed using the formula: 

Density, in grams per cubic centimeter = 

weight in air, in grams _ 

volume in cubic inches X (1 — 0.000033 X /) X 16.3872 

in which 

t = temperature of specimen in degrees Centigrade. 

16.3872 = number of cubic centimeters in one cubic inch. 

0.000033 = volumetric coefficient of expansion of ferrous weld metal per 

degree Centigrade. 

Note: The density is not an accurate measure of the soundness of 
weld metal. Voids or slag inclusions, scattered throughout the metal 
abundantly enough so that on an average straight line scribed on the 
. face of the metal, one-twentieth of the length strikes voids, would 
result in a change in density of (V 20) 3 or one in 8000 (0.012%). To 
detect such a change calls for high accuracy of measurement. A 
further difficulty rises from the fact that the normal variations in den¬ 
sity between different lots of sound steel may be themselves much 
greater than one in 8000. 
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B. Soundness: Etch Test 1 

1. Specimen . A portion of the joint, specimen B (no figure) displaying 
a complete transverse section of the weld shall be removed by any con¬ 
venient means such as trepanning, flame cutting, drilling or sawing. If 
removed by flame cutting at least Vs inch shall be machined from the face 
that sections the weld. This face shall be smooth, bright and polished. 

Note: The face may be filed and polished with abrasive cloth finish¬ 
ing with grade 00. 

2. Procedure. —The face shall be etched. (See Note, Section IV, for 
suggested etching reagents.) 

3. Results. —The etched transverse section of the weld shall be examined 
for soundness. (See Sec. III.) 

Note: Persons writing codes or specifications should state definitely 
their requirements for soundness. Typical requirements are: “com¬ 
plete penetration,” “no inclusions,” “the number of gas pockets shall 

not exceed-per square inch,” “no gas pocket shall exceed-inches 

in its greatest dimension,” etc. 


C. Tensile Strength 

1. Specimen. —The specimen shall comply with the requirements of 
Fig. 3, specimen C- 1 being used unless the size of the welded joint or de¬ 
posited weld metal is such that a specimen of this size cannot be ma- 


Am. sfd coarse ibread- c/ass fii 



Dimensions of Specimen 


Speci¬ 

men 

A, 

In. 

B, 

In. 

c. 

In. 

D, 

In. 

E, 

In. 

F. 

In. 

G. In., 
Min. 

C-l 


2 

2 1 /* 

7 4 

mSM 

74 


C-2 


l 3 /4 

2 

7s 

ni 

*/* 

v* 

C-3 


1.4 

1 3 A 

7a 

mvm 

7* 


C-4 


1.0 

174 

7s 

mm 


M 4 

C-5 


0.5 

74 

74 

mm 

7* 

7« 


Note 1: Dimension A, B and C shall be as shown, but alternate shapes of ends may be used as allowed 

by ASTM Specification £-8 . , , , _ iL at 

Note 2: 11 is desirable to have the diameter of the specimen within the gage length 9 

the center than at the ends, the difference shall not exceed 1 per cent of the diameter. 

Fig. 3—All-Weld-Metal Tension Specimens C-l to C-5, Inclusive 


1 See also Sections VIIA and VIIIA. 
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For gas welding .backing strip shall be omitted. 
Potted tines show position from which 
specimen sha/i be machined. 


Weld¬ 

ing 

Process 

Diameter of 
Electrode or 
Welding Rod, 
In. 

Speci¬ 

men 

Dimensions of Test Plate and Tension 

Test Specimens 

A. 

In. 

B. 

In. 

c, 

In. 

D, 

In. 

~ 

E, 

In. 

F. 

In. 

G. 

Deg. 

Arc 

Under */** 

C-4 

0.252 =*= 0.005 

2'/z 

7a 


Vie 

5 

45 

M 

Vaa to 7 /s 2 

C-l 

0.500 0.01 

4'/i 

V4 

7a 

V 4 ; 

G*/4 

45 

II 

7 4 

C-l 

0.500 =*= 0.01 

4Wi 

1 

7a 

V* 

67 4 

45 

(1 

•/l« 

C-l 

0.500 =*= 0.01 

4 l A 

174 

7a 

7a 

674 

45 

If 

7s 

C-l 

0.500 =*= 0.01 

474 

17a 

7a 

7a 

674 

45 

Gas 

Under Vie 

C-4 

0.252 =*= 0.005 

2 1 /* 

7 s min. 

7s 


5 

75 

li 

Vie and over 

C-l 

0.500 =*= 0.01 

474 

3 /i min. 

74 


674 

75 


Note: Test plate may be lengthened as desired to provide for more 
than one specimen. 


rig. 4—Tost Plato for All-Weld-Metal Tension Specimen C-l or C-4 


chined from it. In the latter case, specimens C- 2, C- 3, C-4 or C-5 shall be 
used, choosing the specimen having the largest diameter which can be 
machined from the material to be tested. The portion of the specimen 
included in the gage length B shall consist entirely of metal from the de¬ 
posited metal zone. All of these specimens are geometrically similar in all 
significant dimensions, therefore the properties determined from any one 
of them tend to be approximately the same as the properties determined 
from any other one. However, it is desirable that comparisons be made 
only between specimens of the same size. 
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f *u- the even ^ filler metal is to be deposited specifically for the purpose 
ot this test, test plates and specimens complying with the requirements of 

*ig : ? sha11 be used - The apparatus, materials, methods and rate of de 
positing the weld metal in the test plate shall, so far as practicable, be the 
same as those used in making welds with the given filler metal. 

Note: Due to unavoidable differences in the method of depositing 

the filler metal and in rates of cooling, the properties of the weld metal 

determined from a specimen will depend upon the dimensions of the 

adjacent metal. 

For thermit welds a suitable refractory material shall be used for a 
trough in which the weld metal is to be allowed to solidify. 

2. Procedure .—The diameter of the specimen at the middle of the re¬ 
duced section shall be measured in inches and the gage length defined by a 
gage mark at each end. The specimen shall be ruptured under tensile load, 
and the maximum load in pounds shall be determined. 

3. Results. I he tensile strength shall be obtained in pounds per sq. in., 
by dividing the maximum load by the cross-sectional area of the specimen 
at the middle. The cross-sectional area of the specimen shall be obtained 
by squaring the diameter of the specimen and multiplying by 0.785. The 
elongation shall be determined by removing the specimen from the machine, 
fitting the fractured ends of the specimen together, measuring the distance 
between the gage marks and subtracting the gage length. The per cent 
elongation shall be obtained by dividing the elongation by the gage length 
and multiplying by 100. 


VII. Welded Butt Joints 

General Statement: Individual specifications may designate which of 
the specimens described in this section shall be used, and the order in which 
they shall be cut from any prepared plate or pipe sample. No weld in a 
plate sample shall be begun or ended nearer than one inch to any portion 
of a welded specimen taken from that plate. 

A. Soundness: Nick-Break Test 

1. Specimen .—For a welded butt joint in plate, the nick-break specimen, 
ZM, shall comply with the requirements of Fig. 5. 

For a welded butt joint in pipe or tubing the nick-break specimen, D-2, 
shall comply with the requirements of Fig. 6. 

2. Procedure .—The specimen shall be supported substantially in ac¬ 
cordance with Fig. 7 and ruptured by a force which, unless otherwise speci¬ 
fied, may be applied either slowly or suddenly as by one or more blows of a 
hammer. 

Note: A sharp sudden heavy blow is often specified. There appears 
to be but little evidence to indicate that there is any appreciable differ¬ 
ence in the appearance of the fractured surface caused by a difference 
in the rate of applying the force. 

3. Results .—The surfaces of the fracture shall be examined for sound¬ 
ness. (See Sec. Ill and Note, Sec. VI, B 3.) 
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B. Soundness: Guided-Bend Test 

1. Specimens — For welded butt joints in plate, the face-bend sped- 

men, £-1, ana the root-bend specimen, F- 1, shall comply with the require¬ 
ments of Fig. 8. ^ 

For welded butt joints in pipe or tubing, the face-bend specimen, E-2 

and the root-bend specimen, F- 2, shall comply with the requirements of 
Fig. 9. 


These ec/ges may be f/ame cut and may be 
machined or not as desired 


1 


'N 


' f! 

UiJ 


/' 


max. 


de/d reinforcement shall be machined f/ush tvith base metal 



6 min. 


t-f,max. 


If t exceeds§'machineidut to this edg e!. or 

flame cut to this edg e land remove not /ess /han / by machining 

Face - bend Specimen £■/ 

These edges mag be f/ame cut and may be 
machined or not as desired[ fn/g max. 





h 

u 


de/d reinforcement shall be machined 
flush with base metg / if /=/ 



max. 


If f exceeds /, machine/cut to this edae\ or 
f/ame cut to this edg e/and remove not less than / by machining 

Foot-bend Specimen FF 

dote- the face bend and root bend tests are not 
app/icabte if the p/ate thic/cness (t) /s /ess than / 


Fig. 8—Face- and Root-Bend Specimens E-l and F-l (Plate) 
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The side-bend specimen, G, shall comply with the requirements 

Fig. 10. 

Tool marks, if any, shall be lengthwise of the specimen. 

Note: Tests have shown that the severity of the guided-bend test 
increases to some extent with increasing width/thickness ratio of the 


of 


fhese edges may be flame cut and may be 


machined or not as desired 


X - 1 

3 


.__Y_ __ __ 

1 



r> / * 

rv. = ie max. 

' ST Rr Zimin. 



(Ve/d reinforcement sha/i be 
machined flush with base meta/ 



I 


L 



3 


6 “min. 


Note: This test as now specified Is Intended for pipe of Vs-inch nominal wall thickness only, and Is 
not considered suitable for pipe having a nominal diameter of less than 6 inches. 

9 —Fac.- or Root-Band Specimens. E -2 or F-2. Respectively (Pipe) 


9 


If f/ame cut, not less than / 
shall be machined fro m ed ges 


Rii max. 



Cuf a/onythisjinejwhen t exceeds /$ j 
edeje may be f/ame cut and may or 
may or may noi be mach/ned 


t y in. 

Id, in. 

i'to // 
>// 

t 

H‘ 




Note: The side-bend test Is not applicable if the plate thickness (t) Is fess than */« Inch. 

Fig. 10—Side-Bend Specimen G 
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specimen. Results of the side-bend test are therefore not directly 
widths ^ 6 When obtamed on specimens G, Fig. 10, having different 


2 Procedure —Each specimen shall be bent in a jig having the working 

contour shown in Fig. 11, and otherwise substantially in accordance with 

that figure Any convenient means may be used for moving the plunger 
member with relation to the die member. H * 


The specimen shall be placed on the die member of the jig with the 
weld at midspan. Face-bend specimens, E -1 and E- 2, shall be placed with 
the face of the weld directed toward the gap; root-bend specimens, F -1 
and P-2, shall be placed with the root of the weld directed toward the gap- 
side-bend specimen, G, shall be placed with that side showing the greater 
defects, if any, directed toward the gap. The two members of the jig 
shall be forced together until the specimen conforms to a U-shape, and until 
a / 32 -in. diameter wire cannot be placed between the specimen and any 
point on the curvature of the plunger member of the jig. The speci¬ 
men shall then be removed from the jig. K 

3. Results.— The convex surface of the specimen shall be examined for 
the appearance of cracks or other open defects Any specimen in which a 
crack or other open defect is present alter the bending, exceeding a specified 
size measured in any direction, shall be considered as having failed. Cracks 
occurring on the corners of the specimen during testing shall not be con¬ 
sidered unless they exceed a similarly specified size. 


Tapped ho/e fo su/Z 
ZesZ/nq machine. 

~fa required ~ 


Hardened rollers , * d/am. 

may he st/hsi/iufed Tor 
jig shou/ders - 

~- fa required - 


yr 

i 1 1 




* * 




& 


Shoulders hardened 
and greased 


TV 


/ 






P/unger 
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D/e 
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> 
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7i 
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Fig. 11— Guided-Bend Test Jig 
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C. Tensile Strength 

1. Specimens .—For a welded butt joint in plate, the tension specimen 
II -1 shall comply with the requirements of Fig. 12. 

For a circumferentially-welded butt joint in pipe or tubing having a 
nominal diameter exceeding 2 inches, either specimen II -2 or II-3 may be 
used as called for in the code or specification. Specimen II -2 shall comply 
with the requirements of Fig. 13. The ends of the specimen may either be 


These edges may 
be f/ame cot 


-rr 

m 



tVe/d reinforcement 
shall be machined 
Hush wit h base meta l 

I Si' 1 " 

!0 approx. -—- 


* 


H-ftiorr t 

c/aes nof exceed /.' 

w*r*o.oi'in 

exceeds // A 


widest face 
•f of we id 


x This section machined\ 
preferably by milling 


Fig. 12—Tension Specimen H -1 (Plato) 


These edges may 
be f/ame cut v 


de/d reinforcement 
shall be machined 

f/ush with base metat 


A*r 








wic/esf face 

of we Id 


'This section machined 
preferably by mi/iiny 


Fig. 13—Tansion 


H-2 (Pipa) 
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Machine the minimum amount 
needed to obtain, plane parallel 

faces over the 4 wide reduced 
, . ^ 

section , 



These edges may be 
flame cut 



This section machined, 
preferably by milling 


Edge of widest 
face of weld 


Fig. 14—'Tension Specimen */-3 (Pipe) 


tVe/c/ re/ntorcement 
shall be retained 
un/ess the applic¬ 
able code or spec¬ 
ification ca/is for 
machining flush 
with base metal 



Fig. IS—Tension Specimen H -4 (Pipe) 
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flattened by any suitable means or the ends may be placed in the grips of 
the testing machine without flattening. Specimen 77-3 shall comply with 
the requirements of Fig. 14. This specimen is not recommended for wall 
thicknesses less than 3 /s inch nominal. 

For circumferentially-welded butt joints in pipe or tubing having a 
nominal diameter not exceeding 2 inches, the specimen 77-4 (full section 
specimen) shall comply with the requirements of Fig. 15. 

2. Procedure .—For specimens II- 1, II-2 and II- 3, the least width and 
corresponding thickness of the reduced section shall be measured in inches. 
For specimen 77-4, the average outside diameter, O.D., of the base metal 
at a distance not exceeding l / 2 inch from the boundary between the base 
metal and the weld metal, and also the average inside diameter, I.D ., of 
the base metal at either end of the specimen shall be measured in inches. 
The specimen shall be ruptured under tensile load and the maximum load 
in pounds shall be determined. 

3. Results .—The cross-sectional area shall be obtained as follows: 


Specimen 
H- 1, 11-2 or 77-3 
77-4 


Cross-Sectional Area = 
width X thickness 

0.785 (O.DI - I D 2 ) 


* The tensile strength in pounds per sq. in. shall be obtained by dividing the 
maximum load by the cross-sectional area. 


D. Ductility: Free-Berul Test 

1. Specimen .—For welded butt joints in plate, the specimen, J-l, shall 
comply with the requirements of Fig. 1G. 

For a circumferentially-w’elded butt joint in pipe or tubing, the speci¬ 
men, J- 2, shall comply with the requirements of Fig. 17. 

In both cases the width shall be 1.5 multiplied by the thickness of the 
specimen. Each corner lengthwise of the specimen shall be rounded in a 
radius not exceeding Vi<> the thickness ( t ) of the specimen. Tool marks, 
if any, shall be lengthwise of the specimen. 

If the line between the weld metal and the base metal is not distinctly 
visible when the specimen is ready for testing, the surface of the specimen 
shall be etched with a suitable reagent. 

2. Procedure.—Gage Lines: The gage lines shall be lightly scribed on 
the face of the weld. The gage length (distance between gage lines) shall 
be approximately l /s inch less than the width of the face of the weld, and 
shall be measured in inches to the nearest 0.01 inch. 

For single groove welds, the gage lines shall be on the wider face of the 

weld. 

For double groove welds, the gage lines on one-half the specimens shall 
be on one face of the weld, and on the other half of the specimens, on the 
other face. 

Initial Bend: Each specimen shall be bent initially by the use of a de¬ 
vice complying with the requirements of Fig. 18. The surface of the speci¬ 
men containing the gage line shall be directed toward the supports. The 
weld shall be at midspan of both the supports and the loading block. 

Alternate Initial Bend: If the purchaser and the vendor agree, the initial 
bend may be made by holding each specimen in the jaws of a vise with one- 
third, the length of the specimen projecting from the jaws, then bending 
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If f/ame cut. not /ess 


than $ shot// be 
mach/neo/ from edges 

is min. 


rtVe/c/ reinforcement 
shall be machined 
\ flush wi/h base me/a/ 
\fdge of widest tac e of we Id 

? lines 
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3 


*See fig. /& 

dote:- /he /eng/h / is suggestive on/y, not mandatory 


Note: If desired, the edges of the specimen may be prepared by machine flame cutting, followed 
by rounding of the corners with a file, though this may be a more severe test. 

Fig. 16—Free-Bend Specimen J -1 (Plate) 
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t/ote - for dimensions see fig. /ff 

Note: If desired, the edges of the specimen may be prepared by machine flame cutting, followed 
by rounding of the corners with a file, though this may be a more severe test 

Fig. 17—Free-Bend Specimen J -2 (Pipe) 
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j'min. 


4 max. 


4 radius 


> 


L Fot/er support 
qmin., /box., d/am. 

For dimension B 

set Fig. J6 


Hardened and qreased 
shou/der of same shape 
may be substituted 
for roller support 


Fig. 18—Initial Bend for Free-Bond Specimens 



Fig. 19—Final Bend for Free-Bend Specimens 
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the specimen away from the gage lines through an angle of from 30 to 45° 
by blows of a hammer. The other end of the specimen shall be bent in the 
same way. In order that the final bend shall be centered on the weld, the 
initial bends shall be symmetrical with respect to the weld, and both ends 
shall be bent through the same angle. In cases of specimens having a 
thickness of Win. or less, the initial bend may also be started at the weld 
by placing the specimen in the guided-bend test jig shown in Fig. 11. 

Final Bend: Compressive forces shall be applied to the ends of the 
specimen, continuously decreasing the distance between the ends, sub¬ 
stantially in accordance with Fig. 19. When either a crack or a depression 
exceeding a specified size in any direction appears on the convex face of 
the specimen, the load shall immediately be removed. If no crack appears, 
the specimen shall be bent double. Cracks occurring on the corners of the 
specimen during testing shall not be considered unless they exceed a 
similarly specified size. 


Note: Any convenient means, such as a vise or a testing machine 
may be used for the final bend. The use of a device complying with 
Fig. 20 is recommended. It prevents the ends of the specimen from 
slipping as it is bent. Life and property may be endangered if the 
specimen slips. 



Fig. 20—Recommended Device for Final Bending of Free-Bend Specimens 
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3. Results .—The elongation shall be determined by measuring the 
mi nimum distance between the gage lines, along the convex surface of the 
weld, to the nearest 0.01 inch and subtracting the initial gage length. The 
per cent elongation shall be obtained by dividing the elongation by the 
initial gage length and multiplying by 100. 

Note: A flexible steel scale graduated in hundredths of an inch and a 
magnifying glass may conveniently be used when determining the 
elongation. 


VIII. Fillet-Welded Joints 

A. Soundness: Fillet-Weld-Break lest 

1. Specimen. —The fillet-weld-break specimen, K , shall comply with 
the requirements of Fig. 21. 

2. Procedure. —A force, A , shall be applied to the specimen substantially 
in accordance with Fig. 22, until rupture of the specimen occurs. The 
force may be applied by any convenient means. 

Note: A press, a testing machine or blows of a hammer may be 
used. 

3. Results. —The surfaces of the fracture shall be examined for soundness. 
(See Sec. Ill and Note Sec. VI, B 3). 





t-M 

Minimum /enqfh 
of we/c/= L~ !* 
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Fia. 21—Fillet-Weld-Brea U 
Specimen K 


Fig. 22 —Method of Rupturing Fillet- Weld-Break 

Specimen K 
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B. Shearing Strength: Transverse Welds 

1. Specimens.—Type A: The transverse fillet-weld specimen, L- 1, 
shall comply with the requirements given in Fig. 23. (For alternative 
method of preparing this specimen, see note under paragraph Cl.) 



fey dimensions 
for all we ids 


Fig. 23—Transverse Fillet-Weld Shearing Specimen L-l 


Type B: The transverse fillet-weld specimen, L- 2, shall comply with the 
requirements of Fig. 24. (For alternative method of preparing this speci¬ 
men, see note under paragraph Cl.) 

Note: These two types of specimen are currently used for shear tests 
of fillet welds; type A, where comparative rather than absolute value 
of strength per linear inch of fillet weld is sufficient, and where because 
of cost or of time limitations it is desired to avoid machining of speci¬ 
mens, and type B, where more nearly exact values are desired. 

2. Procedure. —The width of the specimen shall be measured in inches. 
The specimen shall be ruptured under tensile load, and the maximum load 
in pounds shall be determined. 

3. Results. —The shearing strength of the welds in pounds per linear 
inch shall be obtained by dividing the maximum force by twice the width 
of the specimen. 

The shearing strength of the welds in pounds per square inch shall be 
obtained by dividing the shearing strength in pounds per linear inch by the 
average throat dimension of the welds in inches. 

C. Shearing Strength: Longitudinal Welds 

1. Specimen. —The longitudinal fillet-weld specimen, M, after welding 
shall comply with the requirements of Fig. 25 and after machining sha 
comply with the requirements of Fig. 26. 

Note: For preparing specimens L- 1 , L- 2, and M the following 
alternative method shall be permissible: Instead of depositing the 
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Machine cut atone/ these lines 
Sufficient for required number of Zest 
specimens , which may he of any convenient 
width not less than /" . 
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' 4 Standard 45 
t fillet welds 


■f=specified size of fillet we/d +$ 

Fig. 24—Transverso Fillet-Weld Shearing Specimen Z.-2 



Fig. 25^Longitudinal Fillet-Weld Shearing Specimen M After Welding 
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] 

I 



Note-for of her ofmens/ons see fia. 


Fig. 25—Longitudinal Fillet-Weld Shearing Specimen M Alter 

Machining 


fillet welds against a single center plate (center plate indicated by 
dimension “T” in Fig. 25), the welds may be deposited against 
plates of thickness l /z T, where T is the thickness of the center plate, 
and the specimen prepared in two halves as shown in Fig. 27 (a). 

The two halves of the specimen shall then be placed back-to-back 
and united by means of an edge joint (made with a bead weld or a 
5 32-in. 90-degree single-V groove weld, deposited by the metal arc 
process), as shown in Fig. 27 (b). 

2. Procedure .—The length of each weld shall be measured in inches, 
l'he specimen shall be ruptured under tensile load, and the maximum force 
in pounds shall be determined. 

3. Results .—The shearing strength of the welds in pounds per linear 
inch shall be obtained by dividing the maximum force by the sum of the 
lengths of the welds which ruptured. 




ihe specimen, map be made after 
completion of the 4 fillet we/ds. 
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Approved as a Tentative Standard September 13, 1945 


I1 'eldability: Tee-Bend Test 1 
/. Preparation of Specimen Assembly 

(a) Dimensions of Specimen Assembly. —The specimen assembly for the 
tee-bend test shall conform to the dimensions given in Fig. 1. 

(b) Condition of Specimen Assembly. —The plates of the specimen as¬ 
sembly shall be of the material under investigation, and shall be in the as- 
rolled condition unless otherwise specified. They shall be prepared so that 
the welding will be transverse to the direction of rolling. Loose scale and 
other foreign material shall be removed by wire brushing from the surfaces 
of the assemblies prior to welding. 

(c) Temperature of Assembly Prior to Welding. —The specimen assembly 
shall be at a temperature of 75° F. =±= 10° F. when welding is started. 

(d) Welding Procedure. —The welds shall be deposited in the flat posi¬ 
tion to obtain a single-layer continuous fillet. The assembly shall return 
to the original temperature by cooling in still air before deposition of the 
fillet weld on the opposite side of the vertical member. 

The following standard conditions shall be used for the deposition of the 
fillet welds: 


Plate thickness. 

Electrode classification 

Electrode size. 

Arc voltage. 

Amperage. 

Fillet size. 


V 2 in. 

EfiOlO 2 
V32 in. 

2(i to 28 volts 
130 to 135 amp. 
See note below 


Note: The fillet welds shall be deposited as follows: Increments 2 n /i 6 
inches long of complete fillet shall be deposited with 9 l /4 to 9 3 / 4 inches of 
electrode. As many successive increments of this length shall be de¬ 
posited as is necessary to weld the fillet along the entire length of test 
plate. A period of exactly 45 seconds should elapse between the deposi¬ 
tion of increments to permit change of electrodes. This method of de¬ 
position controls the volume of the weld metal and permits the deposi¬ 
tion of similar fillets on all specimens. 

The welding of the second fillet shall be in the opposite direction from 
that of the first fillet. The result shall be welds free from undercutting and 
surface porosity and approaching as nearly as possible a 45-degree right 
triangle. 

1 This method of test is intended to measure the angle of bend and type of fracture of a standardized 
welded specimen of a given steel as indications of the comparative welding quality of that steel. The 
test indicates the combined effects of variables such as chemical composition, previous processing and 
defects present in the particular sample. 

2 This classification number refers to the A. W.S.-A.S.T.M. Tentative Specifications for Iron and Steel 
Arc-Welding Electrodes CASTM Serial Designation A233). 
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2. Preparation of Specimens 

(a) Removal from Assembly. —The specimens (four for bend tests and 
one for hardness tests and microscopic examination, if desired) shall be 
removed from the assembly as shown in Fig. 1, by sawing or milling. The 
removal of specimens by flame cutting shall not be permitted. 

( b) Tee-Bend Specimens. —The surfaces of the specimens shall not be 
filed, ground or machined in any manner. The tension edges shall be 
broken slightly with a file. 

3. Testing of Bend Specimens 

(a) Specimens. —Ordinarily two bend specimens from one assembly are 
tested at a given temperature. The extra specimens may be used for re¬ 
placing rejected specimens or for testing at elevated or subnormal tempera¬ 
tures. If all specimens from one assembly are rejected a new assembly 
shall be fabricated under the same conditions as the original assembly. 

( b ) Bending Apparatus. —The essential features of the bending jig 
shall be as shown in Fig. 2. 3 

Note : Testing is normally done at room temperature but if informa¬ 
tion concerning low-temperature bending properties is desired, the jig 
and specimen must be placed in a tank and completely covered with a 
cooling liquid during the entire period of test. 

( c) Procedure. —The vertical member of the specimen shall be secured 
in the slot of the cross-head of the bending apparatus, and the horizontal 
member supported on the rolls as shown in Fig. 2. Pressure shall be ap¬ 
plied through the plunger attached to the movable head of a testing ma¬ 
chine which may be of a vertical screw or hydraulic type, and with a beam, 
dial or other suitable means for indicating the load. The downward feed 
of the plunger shall be continued until the angle of bending is 120 degrees 
or until the specimen has entirely fractured. 


4. Results of Tee-Bend Tests 


(a) The Maximum Load , indicated by a drop of the beam or by the 
highest load indicated on the dial, shall be recorded. 

( b) The Bending Angle shall be measured 4 and recorded at the point of 
failure or drop of the beam indicating maximum load has been reached. 

Note: This angle is the supplement of the included angle through 
which the base plate of the assembly has been bent or the sum of angles 
A and B, Fig. 3. 

(c) Fractures shall be classified as follows (see Fig. 4): 

Type 0 fracture: The specimen bends to 120° without fracture or tear o 

any kind. . lt 

Type 1 fracture: A crack which starts at the toe of the fillet and tol ows 

the bend zone or the heat-affected zone under the weld but does not tur.i 
into the plate metal. 


3 Detailed dimensions of the bending jig are shown in Fig. 5. F or those intereste 1 

specimens, dimensions of jigs for these thicknesses are also included. .. . r w v removing 

4 The bend angle may be measured either by the relative movement of the jig The former, hovv- 

the specimen from the jig and measuring the angle. Both methods have been • the purp ose of 
ever, is preferred, because of its simplicity. A scale on the piston (Fig- 5a) e( j a fter the speci- 

measuring the deflection from which the angle may be determined. t he a °g , slight spring 

men is removed from the jig will be slightly lower than that mea ^ urec * *?y t f i v use d and noted, 

back after removal of the load. Whichever method is used should be co 
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Type 2 fracture: A slowly progressing crack which starts at the toe of 
the fillet and extends either directly into the plate material or follows the 
bond zone or heat-affected zone for a short distance and then turns into 
the plate metal. 

Type 3 fracture: A sudden or sharp crack which generally starts at the 
toe of the fillet and extends directly or perpendicularly in the plate metal. 
Note: Specimens which either before or after testing exhibit lamina¬ 
tions, splits, seams or similar plate defects shall cause rejection of the 
specimens. 

5. Recording of Results 

The results of the test shall be recorded on a suitable permanent form. 
Note: The following form for reporting the results is recommended: 


RECORD OF TEE-BEND TEST 



Material and Welding Procedure 

1 

Type of Steel 


2 

!. Chemical Composition 

C Mu ' P S Si Cu Ni Cr Mo V 

3 

!. Deoxidation Practice 

Rilled Semi-Killed Rimmed 

4 

:. Grain Size (McQuaid-Ehn) 



>. Heat Treatment 


e 

i. Electrode Brand 



Original Plate Temperature 


Testing Temperature 


Bend Test Results 


Spec. #1 


Spec. #2 


9. 


10 . 

11 . 

12 . 

13. 

14. 

15. 

16. 


Maximum Load 


Angle of Bending at Maximum Load 
Load at Initial Fracture 
Angle of Bending at Initial Fracture 
Type of Fracture 

Hardness of Heat-AfTeeted Zone (Max.)* 
Hardness of Unaffected Plate Metal (Avg.)* 
Remarks: 


* Hardness curves are not specified in this test procedure. However, some investiga 
tors prefer to include hardness surveys and these items are listed here for their conveni 
euce. 
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Fi?- 1—Location of Test Specimens (see Paragraph 1) 
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Fig. 2—Bending Jig for Vi-IncH Tee-Bend Specimens 
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/ 



TYPE "O" 


NO FAILURE 



TYPE 


" 1" FRACTURE 


A CRACK WHICH STARTS AT THE TOE OF THE 
FILLET ANO FOLLOWS THE BOND ZONE OR THE 
HEAT AFFECTED ZONE UNDER THE WELD BUT 
DOES NOT TURN INTO THE PLATE METAL. 



TYPE "2" FRACTURE 


A SLOWLY PROGRESSING CRACK WHICH STARTS AT 
THE TOE OF THE FILLET AND EXTENDS EITHER 
OIRECTLY INTO THE PLATE MATERIAL OR FOLLOWS 
THE BONO ZONE OR HEAT AFFECTEO ZONE FOR A 
SHORT DISTANCE AND THEN TURNS INTO THE 
PLATE METAL. 



TYPE " 3" FRACTURE 

A SUDDEN OR SHARP CRACK WHICH GENERALLY 
STARTS AT THE TOE OF THE FILLET AND EXTEND^ 
OIRECTLY OR PERPENDICULAR IN THE PLATE METAL. 


Fig. 4—Types of Fracture (see Paragraph 4c) 
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Fig. 5 (a)—Bending Jig for ‘A. ‘/* and V«-Inch Specimens 
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TABLE FOR BASEPLATE REF. 1 

DIMENSION 

1/4" TEE 

1/2" TEE 

3/4"TEE 


TABLE 


H 


2 - 1 / 4 " 


3 / 4 " 


5 / 8 " 


- 1 / 2 " 


1 / 16 " 


1 / 2 " 


FOR CROSSHEAD REF. 2 


_ 1 / 8 " 


3/0" 


1/2 M 


63/64" 


TABLE FOR PISTON REF. 3 


4 - 1 / 2 " 


- 1 / 2 " 


1/2 u 


8 - 1 / 2 " 


3 " 


1/16“ 


9/16" 


6 - 3 / 4 " 


2 - 1 / 4 " 


r 


- 1 / 4 " 


- 1 / 2 “ 


1 / 8 " 


3 / 4 " 


1/4" 

3/8" 

1/2" 

5/8" 

5" 

6" 

1 ~ 1/2" 

2" 

1/2 M 

1/2 M 

3 - 63/64" 

5 - 63/64" 


3/4 


“ 1/2 


3 — 1/2 


TABLE FOR FRAME REF. 4 


3'* 


1 / 2 " 


3/4 


1/4 


3/4" 


- 1 / 8 " 


1/2 


— 1/4 


1/2 


3 


3/4" 




3/4" 


3/4" 


1 / 8 " 


15/16' 


3/8" 


1/16" 


9 


3 


3/4 


3/4 


TABLE FOR RQLLFR REF. 5 


- 3/4" 


1/4" 


“ 13/16 


3/4" 


1/2 


1 / 2 “ 


.» .6 


1/4" 


- 7/8" 


- 1 / 8 “ 


I 


- 1/4" 


- 1/8" 


- 7/8” 


- 7/8" 


- 1 / 2 “ 


- 1/4" 


~ 1/4“ 


- 3/4" 


— 11/16' 


Fig. 5(fc)—Table of Dimensions of Bending Jig for x / a % /j and 3 /4-Inch Specimens 

NOTE: ‘/4-inch and 3 /4-inch specimens are not standard. Dimensions of jigs for these thicknesses included for 
information only. 






































CHAPTER 60 


STANDARD QUALIFICATION 

PROCEDURE* 

Section I 

Manual Arc and Gas Welding of Ferrous Materials 

FOREWORD 

It is recognized that the quality of arc- and gas-welded joints will be 
determined by the specific welding procedure used and by the ability of 
the welding operator to apply that procedure. Predictable results as to 
the physical properties and soundness of such joints can be secured only 
by adherence to a procedure of welding that has been thoroughly investi¬ 
gated. It cannot be expected that good results will be obtained, even by 
careful and painstaking workmen, if poor material, inadequate or worn out 
equipment are used, or if fundamentally improper methods are pursued. 
Nor can the purpose of welding be obtained by the mere adoption of a care¬ 
fully outlined procedure of welding, if the welding operators have not been 
given a certain degree of training and are not properly supervised to be certain 
that all essential details of the specific procedure for welding are followed. 

In arc and gas welding, the physical properties of the weld metal, such 
as tensile strength and ductility, will be determined by the particular pro¬ 
cedure of welding that is used. The reliability of the welded joint will be 
determined by the degree to which that weld metal is kept free of foreign 
materials, such as slag, and by the degree to which it is fused to the base 
material. Under a fixed procedure of welding these two latter factors are 
the only ones over which the welding operator has control. It is considered 
unnecessary, therefore, to test welds of every operator for tensile strength 
and ductility. It is the belief of the Committee that the first step in weld¬ 
ing must be the adoption of a procedure of welding in which all essential 
variables are fixed within definite limits. The procedure for welding should 
then be investigated to determine whether it will produce welds with the 
desired physical properties. The tests required for a welding operator are 
included in the investigation of a welding procedure because there have 
been many instances wherein failure to obtain results has been attributed 
to the inability of the operator when the difficulty lay in the fundamentals 
of the procedure. Having established that a given procedure is satisfactory, 
comparatively simple tests, intended primarily to determine the ability of 
an individual to make a sound weld, may then be used for the qualification 

of welding operators. 

In Part I there is given the method to be pursued in investigating and 
qualifying a welding procedure, while Part II outlines the method of quali¬ 
fying welding operators. 

There are several variables involved in any procedure of welding, and if 
predictable results are to be obtained, certain limitations must be placed 

* Prepared by the AWS Committee on Standurd Qualification Procedure. 
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upon those variables before the procedure for welding is tested. Having 
fixed upon these limitations, it is necessary that some tolerance or degree 
of departure from a given limitation of a variable, as stated in a procedure 
specification, be recognized as permissible without requiring that a retest 
of the procedure be made. Such departures from a fixed procedure of 
welding as might affect the predictable results to be obtained, may be 
referred to as essential changes. The tests which must be made to deter¬ 
mine the effect that a given essential change will have upon the predictable 
results will depend upon the nature of that change. In some cases a test of 
the procedure for welding, embodying the change, will be necessary, in 
other cases a test of the welding operator only will be sufficient, and in still 
other cases a test of both the new procedure and the individual operators 
will be required. 

A tabulation of the variables and of those changes in variables which 
are considered to be essential changes, together with the type of investiga¬ 
tion necessary—whether of procedure, operator or both—is given in Article 
101 . 

The Committee has given much thought to the need for simplification of 
the test of a welding operator, and the type of tests outlined herein are de¬ 
signed to ascertain that the operator has a sufficient knowledge of and the 
skill to apply a procedure of welding under average conditions. For this 
purpose, a special shape of welding groove, intended to be used only for 
operator test specimens, has been adopted. 

The Committee has also been seeking and now presents a type of operator 
test specimen for fillet welded joints that may be readily tested in a guided 
bend test jig, thus providing a test that is not only inexpensive and simple 
to make, but also one that avoids question of judgment as to the results 
obtained. 

It is the conviction of the Committee that there are so many essential 
factors involved in the successful application of arc and gas welding, em¬ 
bracing such items as quality of filler metal, adaptability of the welding 
procedure and equipment, facilities provided for preparing the work, etc., 
that the manufacturer or contractor alone should be expected to be re¬ 
sponsible for the integrity of the finished weld. It should be borne in mind 
that it is the manufacturer or contractor who is financially responsible for 
the quality of the welding performed and that in the case of failure thereof 
the welding operator assumes no share of the financial burden. In these 
rules, therefore, the entire responsibility for quality of the welding per¬ 
formed will be assumed to lie with the manufacturer or contractor. 

The Committee will be pleased to provide any interpretations that 
may assist in the application of this standard. 

GENERAL 

These rules are intended to apply only to the manual application of the 
arc- and gas-welding processes, and to those ferrous metals which in their 
unwelded condition will meet the requirements of the guided bend tes 

prescribed herein. r * 

Each manufacturer or contractor shall be responsible for the quaiiy 
the welding done by his organization and shall conduct tests not °n y o 
welding procedure to determine its suitability to ensure welds whicft wi 
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meet the required tests, but also of the welding operators to determine 
their ability to make sound welds under standardized test conditions. 

It is assumed that the manufacturer or contractor has an organization 
familiar with the various welding codes and capable of designing, engi¬ 
neering and supervising welded construction. 

Rules for the qualification of a welding procedure are given in Part I. 
Rules for qualifying operators follow in Part II. 


PART I—PROCEDURE QUALIFICATION 
101. Limitation of Variables 

(a) The procedure of welding to be followed in construction shall be 
established and recorded by the manufacturer or contractor as a Procedure 
Specification, and in the investigation to qualify this procedure, the Pro¬ 
cedure Specification shall be followed. Recommended forms for the 
Procedure Specification are given in the Appendix. It is not necessary that 
these exact forms be used, but the information contained therein should be 
set forth in any alternate form which is adopted. 

( b ) If any changes are made in a procedure, the Procedure Specification 
shall be revised or amended to show these changes. 

The changes set forth in the following schedule shall be considered essen¬ 
tial changes and shall require requalification of the procedure or operator 
or both. Any change marked “P” or “PO” shall require requalification of 
the procedure; any change marked “PO” or “O” shall require requalifica¬ 
tion of the operator. 

P 1 A change in the specification of base metal to be welded from one 
“P” Number to another “P” Number. (See Table 5.)* 

PO 2 A change in the specification of base metal to be welded from one 
“O” Number to another “O” Number. (See Table 5.) 

PO 3 A change in filler metal from one American Welding Society 
Specification** to another Specification. 

P 4 A change in filler metal from one American Welding Society 
Classification Numberf to another American Welding Society 
Classification Number. 

O 5 A change in filler metal from a bare or lightly coated electrode to a 
covered electrode, or vice versa, within any given American Weld¬ 
ing Society specification for arc welding electrodes.! 

* When any “P” group in Table 5 contains materials having specified minimum 
tensile strengths higher than the tensile strength obtained in the actual procedure 
qualification tension test, it may be desirable for governing codes to require procedure 
qualification using these higher tensile materials before they can be welded in actual 

construction. 

** See American Welding Society filler metal specifications. 

t For example: A change from an E6010 to an E6012 or E70I0 electrode (Tentative 
Specifications for Iron and Steel Arc Welding Electrodes); or a change from a G60 to 
a G45 or G65 welding rod (Tentative Specifications for Iron and Steel Gas Welding 
Rods). 

t For example: A change from an E6010 to an E4510 electrode requires requalification 
of the operator; a change from an E6010 to an E6020 or E6030 electrode does not require 
requalification of the operator (Tentative Specifications for Iron and Steel Arc Weld¬ 
ing Electrodes). 
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P 6 An increase in the diameter of the electrode or welding rod used, 

over that called for in the Procedure Specification. 

P 7 A change of more than 15 per cent above or below the specified 

mean arc voltage and amperage for each size electrode used. 

P 8 For a specified welding groove, a change of more than plus or 

minus 25 per cent in the specified number of passes. If the 
area of the groove is increased, it is also permissible to increase 
the number of passes in proportion to the increased area. 

PO 9 A change in the position in which welding is done as defined in 

Articles 104 and 204. 

O 10 In the case of vertical welds, a change from the progression 

specified for any pass from upward to downward or vice versa. 

P 11 A decrease in the preheating temperature. 

P 12 A change in the heat-treating temperature range or time range. 

P 13 A change in the specified range of sizes of gas-welding tips. 

P 14 A change of gas-welding flame from neutral to one with an excess 

of acetylene or vice versa. 

O 15 A change from the “backhand’' to the “forehand” method of 

welding. (Gas or carbon arc welding.) 

P 16 A decrease in the number of layers used in gas welding. 

P 17 A change in the type of welding groove. (Example, change from 

a V to a U shape.) 

P 18 A change in the shape of any one type of welding groove involv¬ 
ing: 

(1) a decrease in the included angle of the welding groove, or 
a decrease in the width of the groove; or 

(2) a decrease in the root opening of a welding groove; or 

(3) an increase in the root face of a welding groove; or 

(4) the addition or omission of a backing strip. 

102. Types of Tests and Purposes 

The types of tests outlined below are to determine the tensile strength, 
ductility and degree of soundness of welded joints made under a given 
Procedure Specification. The tests used are as follows: 

(a) For Groove Welds 

(1) Reduced-Section Tension Test (for Tensile Strength) 

(2) Free-Bend Test (for Ductility) 

(3) Root-Bend Test (for Soundness) 

(4) Face-Bend Test (for Soundness) 

(5) Side-Bend Test (for Soundness) 

(5) For Fillet Welds 

(1) Longitudinal or Transverse Shear Test (for Shear Strength) 

(2) Free-Bend Test (for Ductility) 

(3) Fillet-Weld-Soundness Test (for Soundness) 

9 

103. Base Material and Its Preparation 

The base material and its preparation for welding: shall comply with th 
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Procedure Specification.’ For all types of welded joints the length of the 
weld and the dimensions of the base material shall be such as to provide 
sufficient material for the test specimens called for hereinafter. 

104. Position of Test Welds 

All welds that will be encountered in actual construction, except groove 
welds in pipe, shall be classified as being (1) Flat, (2) Horizontal, (3) Verti¬ 
cal or (4) Overhead, in accordance with the definitions of welding positions 
given in Fig. 1 (a) and 1 (6). Groove welds in pipe shall be classified as 

(1) Horizontal Rolled, (2) Horizontal Fixed or (3) Vertical, in accordance 
with the definitions of pipe welding positions given in Fig. 1 (a). Each 
procedure shall be tested in the manner stated below for each position for 
which it is to be qualified. 

(a) Groove Welds in Plate 

• In making the tests to qualify groove welds in plate, the test plates shall 
be welded in the following positions: 

<i) Flat Position —The test plates shall be placed in an approximately 
horizontal plane and the weld metal deposited from the upper side. 
(Illustrated in Fig. 21 (a).) 

(2) Horizontal Position— The test plates shall be placed in an approxi¬ 
mately vertical plane with the welding groove approximately hori¬ 
zontal. (Illustrated in Fig. 21 ( b ).) 

(, 3 ) Vertical Position —The test plates shall be placed in an approxi¬ 
mately vertical plane with the welding groove approximately verti¬ 
cal. (Illustrated in Fig. 21 (c).) 

(4) Overhead Position—The test plates shall be placed in an approxi 
mately horizontal plane and the weld metal deposited from the 
under side. (Illustrated in Fig. 21 ( d ).) 

(7;) Groove Welds in Pipe 

In making the tests to qualify groove welds in pipe, the pipe shall be 
welded in the following positions: 

(2) Horizontal Rolled— The pipe shall be placed with its axis in an ap¬ 
proximately horizontal plane with the welding groove in an ap¬ 
proximately vertical plane and the pipe shall be rolled during 

welding. (Illustrated in Fig. 21 (a).) 

{2) Horizontal Fixed— The pipe shall be placed with its axis in an ap 
proximately horizontal plane with the welding groove in an ap 
proximately vertical plane and the pipe shall not be rolled or turned 

during welding. (Illustrated in Fig. 21 (e).) 

(3) Vertical —The pipe shall be placed with its axis in an approximately 
vertical position with the welding groove in an approximately 
horizontal plane. (Illustrated in Fig. 21 ( b ).) 

* To avoid misleading results it is desirable that the base material used in the quali¬ 
fication of a procedure contain amounts of carbon, manganese, chromium, molybdenum 
and other alloys approaching the maximum quantities of these elements which may be 
present in the materials that will be welded in actual construction. 
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(c) Fillet Welds 


In making the tests to qualify fillet welds in plate, the test plates shall 
be welded in the positions outlined below. (If fillet welds are to be made 
in pipe, they shall be qualified by tests made in plate unless other tests 
are specifically provided for by a governing Code.) 


(1) Flat Position —The test plates shall be so placed that each fillet 
weld is deposited with its axis approximately horizontal and its 
throat approximately vertical. (See Fig. 2 (a).) 

(2) Horizontal Position —The test plates shall be so placed that each 
fillet weld is deposited on the upper side of the horizontal surface 
and against the vertical surface. (See Fig. 2 ( b ).) 

(. 3 ) Vertical Position —Each fillet weld shall be made vertically. (See 

Fig. 2 (c).) 

(4) Overhead Position —The test plates shall be so placed that each fillet 
weld is deposited on the under side of the horizontal surface and 
against the vertical surface. (See Fig. 2 ( d ).) 

Note: The above arrangement of test plates refers only to the making of the fillet 
welds. The closing weld between fillet welds in the fillet-weld-soundness test may be 
made in any position. 

105. Number of Test Welds Required 

(a) Groove Welds in Plate or Pipe 

For groove welds in material up to and including 3 / 4 in. thick, one test 
weld shall be made in material 3 / 8 in. thick* for each procedure and posi¬ 
tion to be used in construction, except that if the construction involves 
welding of material over 3 / 4 in. thick, a test weld shall be made in material 
of the maximum thickness* to be used in construction for each procedure 
and position, but which need not exceed 1 in.* If a test is made in the 
maximum or 1 in. thickness, no test need be made in the 3 /s in. thickness. 
In the case of pipe, the nominal diameter of the pipe used for the test 

weld shall not be less than 6 in. 


(. b ) Fillet Welds 

For fillet welds two longitudinal or two transverse shear test welds shall 
be made for each procedure and position to be used in construction. For 
each type of test weld, one shall be made with the maximum size single¬ 
pass fillet weld and one with the minimum size multiple-pass fillet wei 
that will be used in construction. In addition, one test weld for the tree 
bend and fillet-weld-soundness tests shall be made with the maximum size 
single-pass fillet weld (not over 3 /s in.) that will be used in construction, 
for each procedure and position to be used in construction. 

106. Welding Procedure 

The welding procedure shall comply in all respects with the Procedu 
Specification. 

* In the case of pipe, the wall thickness may vary + or —\2 x /t per cent from tha 
indicated. 
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107. Test Specimens—Number, Type and Preparation 
(a) Groove Welds 

For groove welds in plate the method of preparing the specimens shall 
be in accordance with the figures referred to in Table 1 and the number of 
tests required shall be as given in the table. The test specimens shall be 
removed in the order given in Figs. 10 and 11. 

For groove welds in pipe the method of preparing the specimens shall be 
in accordance with the figures referred to in Table 2 and the number of tests 
required shall be as given in the table. The test specimens shall be removed 
in the order given in Figs. 15 and 16. 


TABLE 1—PROCEDURE QUALIFICATION TESTS FOR GROOVE WELDS 

IN PLATE 




Number and Type of Tests Required 

Maximum 
Thickness to 

Be Welded in 
Construction 

Test Plate 
Thickness 

Reduced- 

Section 

Tension. 

(See 

Fig. 6) 

Free- 
Bend. 
(See 
Fig. 7) 

Root- 
Bend. 
(See 
Fig. 8) 

Face- 
Bend. 
(See 
Fig. 8) 


Side- 
Bend. 
(See 
Fig. 9) 

Up to and in¬ 
cluding s / 4 in. 

Vs in. 

1 

| 

| 

2 

2 

2 

2 


• • 

Over 3 /s in. 

Maximum, but 
need not ex¬ 
ceed 1 in. 

2 

2 

• • 

• • 


4 


TABLE 2—PROCEDURE QUALIFICATION TESTS FOR GROOVE WELDS 

IN PIPE 




Number and Type of Tests Required 

Maximum 
Thickness to 

Be Welded in 
Construction 

Test Pipe Wall 
Thickness 

Reduced- 

Section 

Tension. 

(See 

Fig. 12) 

Free- 
Bend. 
(See 
Fig. 13) 

Root- 
Bend. 
(See 
Fig. 14) 

1 

Face- 
Bend. 
(See 
Fig. 14) 

Side- 

Bend. 

(See 
Fig. 9) 

Up to and in¬ 
cluding 3 /s in. 

Vs in. 

2 

2 

2 

2 

• # 

Over Vs in. 

Maximum, but 
need not ex¬ 
ceed 1 in. 

2 

2 

• • 

• • 

4 


(b) Fillet Welds 

The longitudinal shear test specimens shall be welded as shown in Fig. 3 
and prepared for testing as shown in Fig. 17. The transverse shear test 
specimens shall be made as shown in Fig. 4. 

The test weld for the free-bend and soundness tests shall be made as 
shown in Fig. 5. From the test weld there shall be taken two free-bend 
test specimens, which shall be prepared for testing as shown in JFig. 7, and 
two fillet-weld-soundness test specimens as shown in Fig. 20. 
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108. Method of Testing Specimens 

(a) Reduced-Section Tension Specimens 

Before testing, the least width and corresponding thickness of the re¬ 
duced section shall be measured in inches. The specimen shall be ruptured 
under tensile load and the maximum load in pounds shall be determined. 
The cross-sectional area shall be obtained as follows: cross-sectional area 
= width X thickness. The tensile strength in pounds per sq. in. shall be 
obtained by dividing the maximum load by the cross-sectional area. 

( b ) Free-Bend Test Specimens 

The gage lines indicated in Fig. 7 shall be lightly scribed on the face 
of the weld. The gage length (distance between gage lines) shall be ap¬ 
proximately Vs in. less than the width of the face of the weld, and shall 
be measured in inches to the nearest 0.01 in. 

Each specimen may be bent initially by the use of a fixture complying 
with the requirements of Fig. 18. The surface of the specimen containing 
the gage lines shall be directed toward the supports. The weld shall be at 
midspan of both the supports and the loading block. Alternatively, the 
initial bend may be made by holding each specimen in the jaws of a vise 
with one-third the length of the specimen projecting from the jaws, then 
bending the specimen away from the gage lines through an angle of from 
30 to 45° by blows of a hammer. The other end of the specimen shall be 
bent in the same way. In order that the final bend shall be centered on the 
weld, the initial bends shall be symmetrical with respect to the weld, and 
both ends shall be bent through the same angle. The initial bend may also 
be started at the weld by placing the specimen in the guided-bend test jig 
shown in Fig. 19. 

Compressive forces shall be applied to the ends of the specimen, continu¬ 
ously decreasing the distance between the ends. (Any convenient means 
such as a vise or a testing machine may be used for the final bend.) When 
a crack or other open defect exceeding Vie in.* in any direction appears on 
the convex face of the specimen, the load shall immediately be removed. 
If no crack appears, the specimen shall be bent double. Cracks occurring 
on the corners of the specimen during testing shall not be considered. 

The elongation shall be determined by measuring the minimum dis¬ 
tance between the gage lines, along the convex surface of the weld, to the 
nearest 0.01 in. and subtracting the initial gage length. The per cen 
elongation shall be obtained by dividing the elongation by the initial gage 

length and multiplying by 100. 

(c) Root-, Face-, Side-Bend and Fillet-Weld-Soundness Specimens 

Each specimen shall be bent in a jig having the contour shown in Fig. 19> 
and otherwise substantially in accordance with that figure. Any co 
venient means may be used for moving the male member with re a ion 

the female member. .. t t_ e 

The specimen shall be placed on the female member of the jig w 
weld at midspan. Face-bend specimens shall be placed with the ace o 
weld directed toward the gap; root-bend and fillet-weld-soun ness P 
mens shall be placed with the root of the weld directed toward tlic gP, 
side-bend specimens shall be placed with that side showing e £ 


* See Xote I on page 1480. 
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defects, if any, directed toward the gap. The two members of the jig shall 
be forced together until the curvature of the specimen is such that a l /zi in. 
diameter wire cannot be passed between the curved portion of the male 
member and the specimen. The specimen shall then be removed from the 


• • 


Jig 


(i d ) Longitudinal and Transverse Shear Test Specimens 

Before testing, the length of the individual welds shall be measured in 
inches and if any weld varies by more than l /i 6 in. from the length specified 
in Figs. 4 and 17, then the length of each weld and its location shall be 
recorded. The average size of the fillet welds shall also be recorded. The 
specimen shall be ruptured under tensile load and the maximum load in 
pounds shall be determined. The shearing strength of the welds in pounds 
per linear inch shall be obtained by dividing the maximum force by the 
sum of the lengths of the welds which ruptured. The shearing strength of 
the welds in pounds per sq. in. shall be obtained by dividing the shearing 
strength in pounds per linear inch by the average theoretical throat di¬ 
mension of the welds in inches. 


Note: The size and theoretical throat dimension of a fillet weld shall be defined as 
illustrated in the sketch below. The size of a fillet weld is the leg length of the largest 
inscribed isosceles right triangle. The theoretical throat dimension may be obtained 
by multiplying the size of the fillet weld by 0.707. 




109. Test Results Required 


The requirements for the test 


results shall be as follows: 
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(a) Reduced-Section Tension Test 

The tensile strength shall be not less than 100 per cent of the minimum 
of the specified tensile range of the base material used. (See Notes I and 
III.) 

( b) Free-Bend Test 

The elongation shall be not less than 30 per cent for stress-relieved welds 
nor less than 25 per cent for non-stress-relieved welds. (See Notes I and 
III.) 

( c ) Root-, Face-, Side-Bend and Fillet-Weld-Soundness Tests 

The convex surface of the specimen shall be examined for the appear¬ 
ance of cracks or other open defects. Any specimen in which a crack or 
other open defect is present after the bending, exceeding l /% in. measured 
in any direction, shall be considered as having failed. Cracks occurring 
on the corners of the specimen during testing shall not be considered. 
(See Notes I and III.) 


(d) Longitudinal or Transverse Shear Test 

For the longitudinal shear test specimen the shearing strength of the 
welds in pounds per square inch shall be not less than 2 / 3 of the minimum 
of the specified tensile range of the base material. For the transverse shear 
test specimen the shearing strength of the welds in pounds per sq. in. shall 
be not less than 1 /% of the minimum of the specified tensile range of the 
base material. (See Notes I, II and III.) 


Note I: These values as set forth shall apply where no Code is in effect, or where 
an agreement to use other values has not been made between the purchaser and vendor. 

Note II: These values are applicable only to low carbon, non-alloy steels. For 
other materials, the values shall be a matter of agreement between the purchaser and 


vendor. 

Note III: The test results specified are not likely to be attained with the metal arc 
process when using bare or lightly coated electrodes. For such processes it is recom¬ 
mended that the governing Code adopt the following requirements for the test results: 

a. Reduced-Section Tension Test —The tensile strength shall be not less than 85 per 
cent of the minimum of the specified tensile range of the base material used. 


b Free-Be?id Test —The elongation shall be not less than 10 per cent. 
c. Root-, Face-, Side-Bend and Fillet-Weld-Soundness Tests— The specimen shall be 
considered as having passed If (1) no crack or other open defect exceeding /s in- 
measured in any direction is present in the weld metal or between the weld and base 
material after the bending, or (2) the specimen has cracked or fractured and the 
fractured surface shows complete penetration through the entire thickness of the weld, 
and absence of slag inclusions and porosity to the extent that there are no gas pockets 
or slag inclusions exceeding Vie in. in greatest dimension and the sum of the greatest 
dimension of all such defects in any square inch of weld metal area does not exceea 
3 /u in. (If necessary, the specimen shall be broken apart to permit examina ion 

thC d' A Tnlltldinal or Transverse Shear Test— For the longitudinal shear test specimen 
the shearing strength of the welds in pounds per square inch shall be not ess J 

of the minimum of the specified tensile range of the base material. For the transverse 
shear test specimen the shearing strength of the welds in pounds per sq. u • ; - 
not less than 7 /a of the minimum of the specified tensile range of the base maten . 


110. Records 

Records of the test results shall be kept by the manufacturer or con 
tractor and shall be available to those authorized to examine cm. 
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201. Limitation of Variables 

For the qualification of an operator the following rules shall apply. If 
certain changes are made in a Procedure Specification, operator requalifica¬ 
tion may be required in accordance with Article 101 ( b ). 


202. Types of Tests Required 

The qualification tests described herein are specially devised tests to de¬ 
termine the operator’s ability to produce sound welds, and may or may not 
conform in every detail to the requirements of the Procedure Specification. 
It is not intended that the practices required in the qualification tests sha 
be used as a guide for welding during actual construction. The latter shall 
be performed in accordance with the requirements of the Procedure Specifi¬ 
cation. 

The tests used for operator qualification are as follows: 


(a) For Groove Welds 

(1) Root-Bend Test 

(2) Face-Bend Test 

(3) Side-Bend Test 

( b ) For Fillet Welds 

Fillet-Weld-Soundness Test 

0 

203. Base Material and Its Preparation 

(a) The base material shall comply with the specification for one of the 
materials listed in the Procedure Specification. For all types of welded 
joints the length of the weld and the dimensions of the base material shall 
be such as to provide sufficient material for the test specimens called for 

hereinafter. 

(b) For groove welds in plate or pipe where the thickness of the material 
for the tests as specified in Article 205 (a) is Vs in., the preparation of the 
base material for welding shall be for a single-V groove butt joint meeting 
the requirements of Fig. 22, except that in the case °f oxyacetylene weld¬ 
ing the joint preparation may be in accordance with b lg. 24. 

(c) For groove welds in plate or pipe where the thickness of the ma¬ 
terial as specified in Article 205 (a) exceeds */• m., the preparation of the 
base material for welding shall be for a single-V groove butt joint meeting 
the requirements of Fig. 23, except that in the case of oxyacetylene welding 
the joint preparation may be in accordance with Fig. 2o. 

(d) For fillet welds the preparation of the base material for welding 
shall be as shown in Fig. 26. Pipe with a nominal diameter of not less than 

0 in. may be used in lieu of plate. 
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204. Position of Test Welds 

(a) Groove Welds 

For the purpose of determining the ability of an operator to make groove 
welds in various positions in plate or pipe the following positions for test art- 
required. 

Test Position 1G 

Plates placed in an approximately horizontal plane and the weld 
metal deposited from the upper side, or a pipe placed with its axis in an ap¬ 
proximately horizontal plane with the welding groove in an approxi¬ 
mately vertical plane, the pipe being rolled while the weld is deposited 
within the top quadrant and from the outside of the pipe. (See Fig. 
21 (a).) This test made either in plate or pipe will qualify the operator 
for flat position welds in plate and for pipe in the horizontal rolled posi¬ 
tion. (See Fig. 1 (a).) 

Test Position 2G 

Plates placed in an approximately vertical plane with the welding 
groove in an approximately horizontal plane, or a pipe placed with its 
axis in an approximately vertical plane with the welding groove in an 
approximately horizontal plane. (See Fig. 21 ( b ).) This test made 
either in plate or pipe will qualify the operator for flat and horizontal 
welds in plate and for pipe in the horizontal rolled and vertical fixed 
positions. (See Fig. 1 (a).) 

Test Position 3G 

Plates placed in an approximately vertical plane with the welding 
groove approximately vertical. (See Fig. 21 (c).) This test will qualify 
the operator for flat and vertical welds in plate and for pipe in the 
horizontal rolled position. (See Fig. 1 ( a ).) 

Test Position 4G 

Platt's placed in an approximately horizontal plane and the weld metal 
deposited from the under side. (See Fig. 21 ( d ).) This test will qualify 
the operator for flat, and overhead welds in plate and for pipe in the 
horizontal rolled position. 

Test Position 5G 

A pipe or plate box placed with its axis in an approximately horizontal 
plane with the welding groove in an approximately vertical plane. The 
pipe or box shall not be rolled or turned during welding, thus requiring 
the operator to deposit weld metal from the flat, vertical and overhead 
positions. (See Fig. 21 (e).) This test made either in pipe or a plate box 
will qualify the operator for welds made in plate in the flat, vertical and 
overhead positions, and in pipe in the horizontal rolled and horizontal 
fixed positions. (See Fig. 1 (a).) 

If a welding operator is tested in Position 2G he need not be tested in 
Position 1G. If a welding operator is tested in Position 3G he need not 
be tested in Position 1G. If a welding operator is tested in Position 4G 
he need not be tested in Position 1G. If a welding operator is tested m 
Position 5G he need not be tested in Position 1G, 3G or 4G. 
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( 6 ) Fillet Welds 

For the purpose of determining the ability of an operator to make fillet 
welds in various positions the following positions for test are required: 

Test Position IF 

Plates placed in such position that each weld is deposited with its 
axis approximately horizontal and with its throat approximately verti¬ 
cal. (See Fig. 27 (a).) This test will qualify the operator for flat fillet 

welds. (See Fig. 1 ( b ).) 

Test Position 2F 

Plates or pipe placed in such position that each weld is deposited on 
the upper side of the horizontal surface and against the vertical surface. 
(See Fig. 27 (&).) This test, made either in plate or pipe, will qualify 
the operator for flat and horizontal fillet welds. (See Fig. 1 (6).) 

Test Position 3F 

Plates or pipe placed in such position that each weld is made vertically. 
(See Fig. 27 (c).) This test, made either in plate or pipe, will qualify 
the operator for flat, horizontal and vertical fillet welds. (See Fig. 1 ( b ).) 

Test Position 4F 

Plates or pipe placed in such position that each weld is deposited on 
the under side of the horizontal surface and against the vertical surface. 
(See Fig. 27 (d).) This test, made either in plate or pipe, will qualify the 
operator for flat, horizontal and overhead iillet welds. (See Fig. 1 (£>).) 

Note: The above arrangement of test plates or pipe refers only to the making ol 
the fillet weld. The closing weld between fillet welds in the fillet-weld-soundness 

test may be made in any position. See big. 2/ (e). 

If a welding operator is tested in Position 2F he need not be tested in 
Position IF. If a welding operator is tested in Position 3F he need not 
be tested in Position IF or 2F. If a welding operator is tested in Position 
4F he need not be tested in Position IF or 2F. 


205. Number of Test Welds Required 

(a) Groove Welds in Piute and Pipe 

For groove welds in material up to and including 8 A in. thick* one test 
weld as shown in Fig. 22 (Fig. 24 may be used for oxyacetylene welding) 
shall be made in material 3 /% in. thick for each position for which the 
operator is to be qualified as defined by Article 204 (a), except that if the 
construction involves welding of material over 3 / 4 in. thick one test weld 
as shown in Fig. 23 (Fig. 25 may be used for oxyacetylene welding) shall be 
made for each such position in material of the maximum thickness to be 
used in construction, but the thickness of the material for the test weld nee*. 


* Whereas reference has been made above to the test welds being made in material 
of a given thickness, it is the intent of these rules that if an operator is qualified to weld 
in a single groove of a given depth, he is also considered as being qualified for welding 
double-groove butt joints wherein the depth of the groove from either side does not 
exceed the depth of the single groove for which he has been qualified 
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not exceed 1 in. If a test weld is made in the maximum or 1-in. thickness 

no test weld need be made in the 3 / 8 -in. thickness. In the case of pipe, the 

nominal diameter of the pipe used for the test weld shall not be* less 
than 6 in. 

(b) Fillet Welds 

For fillet welds one test weld as shown in Fig. 26 shall be made for 

each position for which the operator is to be qualified, as defined by Article 
204 (6). 

206. Welding Procedure 

The operator shall follow the welding procedure specified by the Proce¬ 
dure Specification except that if the form of the test joint differs from the 
forms of joint as shown in the Procedure Specification to such a degree 
that it is necessary, in welding the test joint, to change the electrode or 
welding rod diameters or the number and arrangement of passes from that 
called for in the Procedure Specification, such changes shall be permissible. 

207. Test Specimens—Number, Type and Preparation 

(a) Groove Welds 

For groove welds in plate the method of preparing the specimens shall 
be in accordance with the figures referred to in Table 3 and the number of 
tests required shall be as given in the table. 

For groove welds in pipe the method of preparing the specimens shall 
be in accordance with the figures referred to in Table 4 and the number of 
tests required shall be as given in the table. 

If the test weld is made in pipe in Position 1G or 2G, the specimens shall 
be removed approximately 90° from each other. If the test weld is made in 
Position 5G, using either a pipe or a plate box, a specimen shall be removed 
from the top, the bottom and each of the two sides of the test weld; and, if 
the weld is made in 3 /Vin.-thick material, the specimen from the top and 
one side shall be tested with the face of the weld in tension, and the 
specimen from the bottom and from the other side shall be tested with the 
root of the weld in tension. 

( b ) Fillet Welds 

Two test specimens shall be removed from each test weld and prepared 
for testing as shown in Fig. 20. 

208. Method of Testing Specimens 

(a) Root-, Face-, Side-Bend and Fillet-Weld-Soundness Specimens 

Each specimen shall be bent in a jig substantially in accordance with Fig. 

19. Any convenient means may be used for moving the male member with 
relation to the female member. 

The specimen shall be placed on the female member of the jig with the 
weld at midspan. Face-bend specimens shall be placed with the face of the 
weld directed toward the gap; root-bend and fillet-weld-soundness speci¬ 
mens shall be placed with the root of the weld directed toward the gap; 
side-bend specimens shall be placed with that side showing the greater 
defects, if any, directed toward the gap. The two members of the jig shall 
be forced together until the curvature of the specimen is such that a /32- 
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TABLE 3—OPERATOR QUALIFICATION TESTS FOR GROOVE WELDS 

IN PLATE 


Maximum Thick¬ 
ness for Which 
Operator Is to Be 
Qualified 

Thickness of 

Number and Type of Tests Required 

Material for Test 
Weld 

Root-Bend. 
(See Fig. 8) 

Face-Bend. 
(See Fig. 8) 

Side-Bend 
(See Fig. 9) 

Up to and includ¬ 
ing */« hi. 

Vs in. 

1 

1 

• • 

Over */« in. 

Maximum, but need 
not exceed I in. 

• • 

• • 

2 


TABLE 4—OPERATOR QUALIFICATION TESTS FOR GROOVE WELDS 

IN PIPE 


Maximum Thick- 

Thickness of 

Number and Type of Tests Required 

ness lor w men 
Operator Is to Be 
Qualified 

Material for Test 
Weld 

Root-Bend. 
(See Fig. 14) 

Face-Bend. 
(See Fig. 14) 

Side-Bend. 
(See Fig. 9) 

Up to and includ¬ 
ing */ 4 in. 

Vs in. 

2 

2 

• 0 

Over Vi in. 

Maximum, but need 
not exceed 1 in. 

• • 

• • 

4 


in. diameter wire cannot be passed between the curved portion of the male 

member and the specimen. The specimen shall then be removed from the 

• • 

Fg- 


209. Test Results Required 

(a) Root-, Face-, Side-Bend, and Fillet-Weld-Soundness Tests 

The convex surface of the specimen shall be examined for the appear¬ 
ance of cracks or other open defects. Any specimen in which a crack or 
other open defect is present after the bending, exceeding l /8 in. measured 
in any direction, shall be considered as having failed. Cracks occurring 
on the corners of the specimen during testing shall not be considered. 

(See Notes I and II.) 

Note I: These values as set forth shall apply where no Code is in effect, or where an 
agreement to use other values has not been made between the puichaser and vendor. 

Note II: The test results specified are not likely' to be attained with the metal arc 
process when using bare or lightly coated electrodes. I-or such processes it is recom¬ 
mended that the governing Code adopt the following requirements for the test results. 

The specimen shall be considered as having passed if (1) no crack or other open defect 
exceeding Vs in. measured in any direction is present in the weld metal or between the 
weld and base material after the bending, or (2) the specimen has cracked or fractured 
and the fractured surface shows complete penetration through the entire thickness of 
ihe weld, and absence of slag inclusions and porosity to the extent that there are no gas 
pockets or slag inclusions exceeding Vi« in. in greatest dimension and the sum of the 
greatest dimension of all such defects in any square inch of weld metal area does not 
exceed 3 /e in. (If necessary, the specimen shall be broken apart to permit examination 

of the fracture.) 


210. Retests 

In case an operator fails to meet the requirements of one or more test 
welds a retest may be allowed under the following conditions. 

(a) An immediate retest may be made which shall consist of two test 
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welds of each type on which he failed, all of which shall meet all the re¬ 
quirements specified for such welds. 

( b ) A retest may be made provided there is evidence that the operator 

has had further training or practice. In this case a complete retest shall 
be made. 

211. Period of Effectiveness 

The operator qualification tests herein specified shall be considered as 
remaining in effect indefinitely unless (1) the welding operator is not 
en £ a g e d in a given process of welding (i.e., arc or gas) for a period of three 
months or more;* or unless (2) there is some specific reason to question an 
operator's ability. In case (1) above the requalification test need be made 
only in the 3 / 8 in. thickness. 

212. Records 

Copies of the record for each qualified welding operator shall be kept by 
the manufacturer or contractor, and shall be available to those authorized 
to examine them. 

* The intent of this statement is as follows: 

An operator who has been qualified for metal arc welding under any given Procedure 
Specification is not required to requalify for that Procedure unless he has done no met il 
arc welding for a period of three months or more. In a similar manner the qualification 
of an operator for gas welding or for carbon arc welding is not considered as having 
expired unless he has done no gas welding or carbon arc welding, as the case may be, 
for a period of three months or more. 
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TABLE 5—GROUPING OF MATERIALS FOR PROCEDURE AND OPERATOR 

QUALIFICATION* 


“P” Number 1—“O” Number 1 

Materials in this group shall not have a carbon content exceeding 0.30 per cent, a 
manganese content exceeding 1.10 per cent, or a silicon content exceeding 0.50 per cent, 
as determined by ladle analysis. In addition, the carbon content by percentage shall 


, /Mn + Si 

not exceed the value 0.55 — ( --- 

Si is the percentage of silicon. 




where Mn is the percentage of manganese and 


A. S. T. M. Spec. No. 

A-7 
A-10 
A-30 
A-53 

A-70 

A-78 

A-83 

A-87 Grade A1 
Grade A2 

A-89 
A-105 

A-106 Grade A 

Grade OH 

A-107 Grade 1 
Grade 2 
Grade 3 
Grade 4 
Grade 5 
Grade 17 

A-113 
\ -120 

A-129 
A-131 
A-134 
A-135 
A-136 
A-139 

A-155 

A-178 Grade A 
Grade B 

A-181 

A-192 

A-201 


Name 

Steel for Bridges and Buildings 
Mild Steel Plates 

Boiler and Firebox Steel for Locomotives 
Welded and Seamless Steel Pipe 
Carbon-Steel Plates for Stationary Boilers, etc. 

Low Tensile Strength Carbon Steel Plates of Structural 
Quality for Welding 

Lap-Welded and Seamless Steel and Lap-Welded Iron Boiler 
Tubes 

Carbon-Steel and Alloy-Steel Castings for Railroads 
Carbon-Steel and Alloy-Steel Castings for Railroads 
Low Tensile Strength Carbon-Steel Plates of Flange and 
Firebox Quality 

Forged or Rolled Steel Pipe Flanges for High-Temperature 

Service 

Lap-Welded and Seamless Steel Pipe for High-Temperature 
Service 

Lap-Welded and Seamless Steel Pipe for High-Temperature 
Service 

Commercial Quality Hot-Rolled Bar Steels 
Commercial Quality Hot-Rolled Bar Steels 
Commercial Quality Hot-Rolled Bar Steels 
Commercial Quality Hot-Rolled Bar Steels 
Commercial Quality Hot-Rolled Bar Steels 
Commercial Quality Hot-Rolled Bar Steels 
Structural Steel for Locomotives and Cars 
Black Welded and Seamless Steel Pipe, etc. (Galvanized 
pipe not included) 

Open-Hearth Iron Plates of Flange Quality 
Structural Steel for Ships 

Electric-Fusion-W’elded Steel Pipe (Size 30 in. and over) 
Electric-Resistance-Welded Steel Pipe 
Forge-Welded Steel Pipe 

Electric-Fusion-Welded Steel Pipe (8 in. to but not includ¬ 
ing 30 in. diam.) 

Electric-Fusion-Welded Steel Pipe for High-Temperature 
and High-Pressure Service 

Electric-Resistance-Welded Steel and Open-Hearth Iron 
Boiler Tubes 

Electric-Resistance-Welded Steel and Open-Hearth Iron 
Boiler Tubes 

Forged or Rolled Steel Pipe Flanges for General Service 
Seamless Steel Boiler Tubes for High-Pressure Service 
Carbon-Silicon Steel Plates of Ordinary Tensile Ranges 


* Steels not included in the table require separate procedure and operator qualifi¬ 
cation except in the case of the so-called low-alloy, high-strength steels. In the latter 
group of steels separate procedure qualification is required for each change in brand 
or analysis but “O'* Number 1 applies in all cases. 
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“P” Number 1—“O” Number 1— {Continued) 


A-215-39T Grade N-l-W. 

Grade A-l-W 
Grade A-2-W 
Grade A-3-W 
A-216-40T Grade WCA 

A-235-40T Grade A 

Grade B 
Grade C 
A-236-40T Grade A 


Carbon-Steel Castings Suitable for Fusion Welding, etc. 
Carbon-Steel Castings Suitable for Fusion Welding, etc. 
Carbon-Steel Castings Suitable for Fusion Welding, etc. 
Carbon-Steel Castings Suitable for Fusion Welding, etc. 
Carbon-Steel Castings Suitable for Fusion Welding. etc 
(to 850° F.) 

Carbon-Steel Forgings for General Industrial Use 
Carbon-Steel Forgings for General Industrial Use 
Carbon-Steel Forgings for General Industrial Use 
Carbon-Steel Forgings for Locomotives and Cars 


A-42 

A-72 

A-73 

A-162 

A-207 


“P” Number 2—“O” Number 1 

Wrought-Iron Plates 
Welded Wrought-Iron Pipe 

Wrought-Iron Rolled or Forged Blooms and Forgings 
Uncoated Wrought-Iron Sheets 
Rolled Wrought-Iron Shapes and Bars 


“P” Number 3—“O” Number 1 


Materials in this group shall not have a carbon content exceeding 0.35 per cent, a 
manganese content exceeding 1.50 per cent, or a silicon content exceeding 0.50 per cent, 
as determined by ladle analysis. In addition, the carbon content by percentage shall 

not exceed the value 0.65 — (^) , where Mn is the percentage of manganese 

and Si is the percentage of silicon. 


(Experience has indicated that it is advisable to preheat up to 350° F. when welding 
the materials included in this group.) 


A-7 
A-30 
A-70 

A-87 Grade B 
A-95 

A-105 

A-106 Grade B 

A-107 Grade 6 
Grade 7 

A-131 

A-178 Grade C 

A-181 

A-201 

A-210 

A-212 

A-215-39T Grade N-2-W 

Grade BW 
Grade B-l-W 
Grade B-2-W 
A-216-40T Grade WCB 


A-235-40T Grade Cl 

Grade D 
Grade E 
A-236-40T Grade B 

Grade C 
Grade D 


Steel for Bridges and Buildings 
Boiler and Firebox Steel for Locomotives 
Carbon-Steel Plates for Stationary Boilers, etc. 
Carbon-Steel and Alloy-Steel Castings for Railroads 
Carbon-Steel Castings for Valves, Flanges and Fittings for 
High-Temperature Service 

Forged or Rolled Steel Pipe Flanges for High-Temperature 
Service 

Lap-Welded and Seamless Steel Pipe for High-Temperature 
Service 

Commercial Quality Hot-Rolled Bar Steels 
Commercial Quality Hot-Rolled Bar Steels 
Structural Steel for Ships 

Electric-Resistance-Welded Steel and Open-Hearth Iron 
Boiler Tubes 

Forged and Rolled Steel Pipe Flanges for General Service 
Carbon-Silicon Steel Plates of Ordinary Tensile Ranges, etc. 
Medium-Carbon Seamless Steel Boiler and Superheater 
Tubes 

High-Tensile Strength Carbon-Silicon Steel Plates, etc. 
Carbon-Steel Castings Suitable for Fusion Welding, etc. 
Carbon-Steel Castings Suitable for Fusion Welding, etc. 
Carbon-Steel Castings Suitable for Fusion Welding, etc. 
Carbon-Steel Castings Suitable for Fusion Welding, etc. 
Carbon-Steel Castings Suitable for Fusion Welding, etc 
(to 850° F.) 

Carbon-Steel Forgings for General Industrial Use 
Carbon-Steel Forgings for General Industrial Use 
Carbon-Steel Forgings for General Industrial Use 
Carbon-Steel Forgings for Locomotives and Cars 
Carbon-Steel Forgings for Locomotives and Cars 
Carbon-Steel Forgings for Locomotives and Cars 



1489 


STANDARD QUALIFICATION PROCEDURE 

“P” Number 4—“O” Number 1 

The carbon content by ladle analysis shall not exceed 0.28 per cent. 

A-182 Grade FI Forged or Rolled Alloy-Steel Pipe Flanges, etc. (from 750- 

1100° F.) 

A-202 Grade A Cr-Mn-Si Alloy-Steel Plates for Boilers, etc. 

A-203 Grade A Low-Carbon Nickel-Steel Plates for Boilers, etc. 

Grade B Low-Carbon Nickel-Steel Plates for Boilers, etc. 

A-204 Grade A Molybdenum-Steel Plates for Boilers, etc. 

Grade B Molybdenum-Steel Plates for Boilers, etc. 

Grade C Molybdenum-Steel Plates for Boilers, etc. 

A-206-40T Seamless Carbon-Molybdenum Alloy-Steel Pipe for Service 

at Temperatures of 750-1000° F. 

A-209-40T Seamless Carbon-Molybdenum Alloy-Steel Boiler and 

Superheater Tubes 

A-217 Grade WC1 Alloy-Steel Castings Suitable for Fusion Welding, etc. 

(750-1100° F.) 

Grade WC2 Alloy-Steel Castings Suitable for Fusion Welding, etc. (750- 

1100° F.) 

A-225 Manganese-Vanadium Steel Plates for Boilers, etc. 
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TABULATION OF POSITIONS 1 

OF GROOVE WELDS 1 

POSITION 

DIAGRAM 

REFERENCE 

INCLINATION 
OF AXIS 

ROTATION 

OF FACE 

FLAT 

A 

0 # TO 15* 

150* TO 210* 

HORIZONTAL 

B 

0* TO I5 # 

80* TO 150* 

210* TO 280* 

OVERHEAD 

c 

n* Tft no 9 

0* TO 80* 

V 

\J 1 v Ov 

280 # T0 360* 

VERTICAL 

D 

I5*T0 80* 

80* TO 280* 

E 

80* TO 90 # 

0* TO 360* 


80* a*'5 


90* 


1 AX'tS L*— 

«ssi\ # r 





^ SEE NOTE n ON FIG. I (b). 

NOTE i: PIPE WELDING POSITIONS-GROOVE WELDS 
FOR GROOVE WELDS IN PIPE THE FOLLOWING DEFINITIONS SHALL APPLY. 

HORIZONTAL FIXED POSITION; WHEN THE AXIS OF THE p IP E DOES NOTD EVI AT E 0 R E 

THAN 30* FROM THE HORIZONTAL PLANE AND THE PIPE IS NOT ROTATED DURING WELDING. 

H ORIZONTAL ROLLED POSITION! WHEN THE AXIS OF THE PIPE DOES N 01 ! D E V 'ATE BY MORE 
THAN 30* FROM THE HORIZONTAL PLANE, THE PIPE IS J^ATED DURING WELDING, & CAL 

WELD METAL IS DEPOSITED WITHIN AN ARC NOT TO EXCEED 15 ON EITHER SIDE OF A Vt 
PLANE PASSING THROUGH THE AXIS OF THE PIPE. 

VERTICAL POSITION: WHEN THE AXIS OF THE PIPE DOES NOT DEVI ATE _B Y_ M O R E^TH A NJ 0 * 
FROM THE VERTICAL POSITION < THE PIPE MAY OR MAY NOT BE ROTATED DURING WELDING. 

♦ POSITIONS IN WHICH THE AXIS OF THE OEVIATES IIY' MOM.THAN 

THAN 60* FROM THE VERTICAL SHALL BE CONSIDERED INTERMEDIATE, AND SHALL U THE 

PROCEDURE AND OPERATOR TO BE QUALIFIED IN BOTH THE HORIZONTAL FIXED A 

VERTICAL POSITIONS. „ _ _ 

POSITIONS OF GROOVE WELDS 

FIGURE 1(a) 
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TABULATION OF POSITIONS 1 

OF FILLET WELDS 1 

POSITION 

DIAGRAM 

REFERENCE 

INCLINATION 
OF AXIS 

ROTATION 

OF FACE 

FLAT 

A 

0 

in 

O 

• 

o 

150° TO 210* 

HORIZONTAL 

B 

o 

« 

-4 

o 

0 

125° TO ISO* 

210° TO 235° 

OVERHEAD 

C 

0° TO 80° 

0° TO 125° 

235°TO 360° 

VERTICAL 

D 

15° TO 80° 

125° TO 235* 

E 80 - T0 90° 

O* TO 360° 


•^ssa* 

FOfc t 


90 





NOTE II: 

THE HORIZONTAL REFERENCE PLANE IS TAKEN TO LIE ALWAYS BELOW THE 
WELD UNDER CONSIDERATION. 

INCLINATION OF AXIS IS MEASURED FROM THE HORIZONTAL REFERENCE 
PLANE TOWARD THE VERTICAL. 

ANGLE OF ROTATION OF FACE IS MEASURED FROM A LINE PERPENDICULAR 
TO THE AXIS OF THE WELD AND LYING IN A VERTICAL PLANE CONTAINING 
THIS AXIS. THE REFERENCE POSITION (0°) OF ROTATION OF THE FACE 
INVARIABLY POINTS IN THE DIRECTION OPPOSITE TO THAT IN WHICH THE 
AXIS ANGLE INCREASES. THE ANGLE OF ROTATION OF THE FACE OF WELD 
IS MEASURED IN A CLOCKWISE DIRECTION FROM THIS REFERENCE 
POSITION (0°) WHEN LOOKING AT POINT P. 

POSITIONS OF FILLET WELDS 

FIGURE 1(b) 


VERTICAL\J PLANE 
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throat of welo vertical 


throat or welo to be 
in vertical position 

(SAME AS WELO "A") WHEN 
WELO'NG This SiOE 



AXIS OF WELO HORIZONTAL 


WELO "A 


V 

(*) POSITION OP TEST PLATES FOR PLAT FILLET WELO 




POSITION OP TEST PLATES FOR HORIZONTAL FILLET WELO 




POSITION OF TEST PLATES FOR VERTICAL FILLET WELO 



(d) POSITION OF TEST PLATES FOR OVERHEAD FILLET WELO 




FOR FILLET SOUNDNESS 
TEST WELD, SHADS) 

. PORTION MAY BE 
l WELDED IN ANY 
POSITION. 


Fig. 2—Positions of Test Plates for Fillet Welds 
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Fig. 3—Longitudinal Fillet-Weld Shearing Specimen After Welding 


MACHINE CUT ALONG THESE LINES. 



Fig. 4—Transverse Fillet-Weld Shearing Specimen 
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FREE FACE BEND SPECIMEN 

•• 4 
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GUIDED ROOT BEND 
SPECIMEN (SOUNDNESS TEST) 

“ • • m—mmm* • W 

| $ ~~ 

FREE FACE BEND SPECIMEN" 

• 0 

| 9/ l6" 


-[— - v f- - 

GUIDED ROOT BEND 
SPECIMEN (SOUNDNESS TEST) 

I 

DISCARD 

_ T S’ 

_J_2_ 



L__J 

.J 

m|U> ; 

c ~ 1 

^ J ^ 

_1_ 

r 5 1 


1 i ■ lit,.ITT _l 


L 


3T 

8 


8 


IN 


INTIMATE CONTACT WITH 
BASE MATERIAL. 


MAX. SIZE SINGLE PASS 
FILLET WELD (NOT CVER £”). 

Fig. 5—Test Weld for Free-Bend and Soundness Tests 


These echoes may 
be flame cuk 


w=/r±o.or:ir t 

does not exceed /. 

!¥• I'* 0.0/'if t 

exceeds // 


!0 approx: 



i'Ve/d reinforcement 
shall be machined 
flush with base meh! 



r 

1 _— 

IA 

• 



w 


1 /" 

rr\ 

* TH? 


Tdqe of 
widest face 
of veld 


preferably by milling 


Fig. 6—Reduced-Section Tension Specimen (Plate) 


ALLOWED FOR ALL CUTS 
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If flame cut, not /ess 
than g shat/ he 
machined from eo/ges 


-t/Ve/d reinforcement 
shall be machined 
flush with base metal 
Edcje of widest fac e of we Id 


igmin. 


Gage\lines 


max. 


y 


/" * 

g mm. 





Dimens ions 


t in. 
IV, in. 


j8 

9 

!6 


1 1 l yj yj 1 ? \ rt 

// !} // ?1 3 31 


l min, in 3 II !? 13? O !8 2! 

in jj ? 2 2 2 ? 3 

•SEE FIG. 18. 

NOTE 1: THE LENGTH L IS SUGGESTIVE ONLY. NOT MANDATORY. 

NOTE 2: IF DESIRED. THE EDGES OF THE SPECIMEN MAY BE PREPARED BY MA¬ 
CHINE FLAME CUTTING, FOLLOWED BY ROUNDING OF THE CORNERS WITH 
A FILE. THOUGH THIS MAY BE A MORE SEVERE TEST. 

Fig. 7—Free-Bend Specimen (Plate) 



WELD REINFORCEMENT AND BAOWC .STRIP, IF ANY, .SHALL BE REMOVED 
FLUSH WITH THE SURFACE OF T»C SPB3UEN. IF A RECESSED STBM* IS USED 
THIS SURFACE OF THE SPECIMEN UJV BE MACHINED TO A DEPTH NOT EXCEEDING 
THE DEPTH OF THC RBCE 35 TO REMOVE THE STRIP, EXCEPT THAT IN SUCH 
CASES THE THICKNESS OF THE FINISHED SPECIMEN SHALL BE THAT SPGUFVD 
ABOVE. 

Fig. 8—Face- and Root-Bend Specimens (Plate) 
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If flame cof, noi less fhan / 
shall be machined from ed ges 


t * 

a mtn. 




Coi a/onq ihis line / when / exceeds /% ) 
edcje may be flame cui and 
may or may not be machined 


4 in. 

Id, in. 

ffo /f 

t 

>/f 

//* 

'2 


Fig. 9—Side-Bend Specimen 


Discard 


This Piece 

Side Bend 

—-— 

Specimen 

Reduced Section 


Tensile Specimen 

Side Bend 


_ Specimen _ 

Free Bend 

« mamm • 

Specimen 

Side Bend 

— =. 

— Js-PFJ? LME_n ________ 

Reduced Section 


Tensile Specimen 

_ Side JBend, _ 

tj:-- 


Free Bend 


Specimen 


- —» — — — 


Discard 


This Piece 



Fig. 10—Order of Removal of Test Specimens from Welded Test Plate (fo 

Plate Over % In. Thick) 
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Discard 


77 ns Piece 

Reduced Section 


Tensile Specimen 

Root Beno 


Specimen 

Free Beno 


Specimen 

Face Bend 


Specimen 

Root Bend 


Specimen 

Free Beno 


Specimen 

Face Bend 


Specimen 


^ 

— 

Reduced Section 


Tensile Specimen 




Discard 


This Piece 


I =i 

Fig. 11—Order of Removal of Test Specimens from Welded Test Plate (for 

Plate % In. Thick) 


Machine ihe minimum a mo uni 
needed lo obtain^ plane parallel 
faces over ihe ^ wide reduced 

sechon u 

I I 



These edges may be 

flame cuA 


This seclion machined\ 
preferably by milling 



Edge of widesf 
face of weld 


Fig, 12_Reduced Section Tension Specimen (Pipe) 
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If flame cuf t no I fass 
fhorn § "shall be 
machine d from edges 

dge of widest face of we id 




fmin. 



n 
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i 

i_ 

n 

i l 
i 
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h L 1 

, - i . , 

2 

n 

L 

* 2 * 


Note:- for dimensions see fig. 7 



RrO.lt, 


Fig. 13—Free-Bend Specimen (Pipe) 


These edges may be flame cut and 

mat/ or may not be machine of t „ 

■ f ?.- r6 max. y 

— __ _,—_ iT R. =// mm. 





g" mm. 


NOTE: Weld reinforcement and backing ring, If any, shall be removed flush with the surface of the specimen. 
If a recessed ring is used, this surface of the specimen may be machined to a depth not exceeding the depth of (he 
recess to remove the ring, except that in such cases the thickness of the finished specimen shall be that specified above 

Fig. 14—Face- and Root-Bend Specimens (Pipe) 


/vice Se/vd 



Reduced Section 
Tensile 


Root Bend 


Deduced 

y5EC7-/0// 7E//S//E 


Root 3e/vo 


Fig. 15—Order of Removal of Test Specimens from Welded Pipe (for Pipe 

3/ 8 In. Thick) 
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Side Bend 


Face Bend 


' Reduced 
Section TIensilc 


Side Bend 


Side Bend 


Reduceo 
Section Tensile 


Free Bend 


, Bend 

Fiji. 16—Order of Removal of Test Specimens from Welded Pipe (for Pipe over 

34 In. Thick) 






Note—for other dimensions see Fig. 3 

Fig. 17—Longitudinal Fillet-Weld Shearing Specimen After Machining 


/ # * 

/ mtn. 

3 * 

4 max. 


4 radius 


M~i 


fto/fer support » 

/max., diam. 'Hardened and qreased 

shou/o/er of same shape 

NOTE: Fordln.tn.lonB jce FIs. 7 may be Subsfifu/ed 

for roller support 

Fig. 18—Initial Bend for Free-Bend Specimens 
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Hardened rollers,/j*diam. 
Japped hole Jo suif mao be subsJ/JuJed fbr 



Fig. 19—Guided-Bend Test Jig 



REMOVED FLUSH WITH BASE METAL. FLAME CUTTING MAY BE USED 
FOR THE REMOVAL OF THE MAJOR PART OF THE BACKING STRIP, 
PROVIDED AT LEAST l/fi" OF ITS THICKNESS IS LEFT TO BE REMOVED 
BY MACHINING OR GRINDING. 

Fig. 20—Fillet-Weld-Soundness Test Specimen 
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(b) TEST P06ITICB t 0 


nitoi TartlMli 



(•) TEST POSITICB 8 0 


(d) TEST POSITICB 4 0 


(•) TEST POSITION 5 Q 


NOTE: For procedure qualification the type o» groove shall comply with the Procedure Specification, for 

operator qualification the shape of the groove and backing strip shall be as shown in rigs. 22, 23 24 and 25. 

Fig. 21—Positions of Test Plates or Pipe for Groove Welds 



Fig. 22—Butt Joint for Operator Qualification, for Plate or Pipe % In. Thick 



Fig. 23—Butt Joint for Operator Qualification, for Plate or Pipe 1 In. Thick 
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Fig. 24—Alternate Butt Joint for Operator Qualification, for Plate % In. 

Thick (May Be Used for the Oxyacetylene Process Only) 



Fig. 25—Alternate Butt Joint for Operator Qualification, for Plate 1 In. 

Thick (May Be Used for the Oxyacetylene Process Only) 




Fig. 26—Test Weld for Soundness Tests (for Operator Qualification Only) 
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THROAT OR WELD VERTICAL 


THROAT or WELD TO RE 
IN VERTICAL POSITION 
(SAME AS WELD "A") WHEN 
WELOMG This SIDE 



AXIS or WELD horizontal 


WELO A 


(•) 

POSITION 


1 F 


XlS or WELO HORIZONTAL 



PLATES HORIZONTAL 


(b) 

TEST POSITION 2 1 



Axis of pip* 

horizontal 


Pipe shall be rolled 
and all welding done 


axis or weld vertical 



PLATES VERTICAL 



Axis of pip* 

horizontal 


(C) 

TEST POSITION 3 F 


Pipe ehall be rolled 
and all welding done 
at side of joint. 


AXIS or WELO HORIZONTAL 



(d) 

POSITION 



Axis of pipe 
horizontal 


Pipe shall be rolled 
.ml nil welding done 




FOR PILLET SOUNDNESS 
TEST WELD, SHAD® 
PORTION MAY BE 
WELDED IN ANY 
POSITION. 


Fin. 27—Positions of Test Plates or Pipe for Fillet Welds (for Operator 

Qualification Only) 
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APPENDIX 


RECOMMENDED FORMS OF PROCEDURE SPECIFICATIONS 

I. Carbcn Arc Welding Process: 

PROCEDURE SPECIFICATION FOR CARBON ARC 

WELDING OF 

(State Class of Object to be Welded) 

Specification No. 

Date. 


Process: The welding shall be done by the Carbon Arc Process. 

Base Metal: The base material shall conform to the Specifications for (insert here 
references to standard A. S. T. M. or other Code designations, or give the chemical 
analysis and physical properties). 

Filler Metal: The filler metal shall conform to Classification Number - of the 

American Welding Society’s Specification for (insert here the title of the desired speci¬ 
fication). 

Position: The welding shall be done in the (give the position or positions in which 
the welding will be done. See Article 104.) 

Preparation of Base Material: The edges or surfaces of the parts to be joined by 
welding shall be prepared by (state whether sheared, machined, ground, gas cut, etc.), 
as shown on the attached sketches and shall be cleaned of all oil or grease and excessive 
amounts of scale or rust, except that a thin coat of linseed oil, if present, need not be 
removed. (The sketches referred to should show the arrangement of parts to be welded 
with the spacing and details of the welding groove, if used. Such sketches should be 
comprehensive and cover the full range of material or base metal thicknesses to be 
welded.) 

Size of Carbon or Graphite Electrodes: The range in size of carbon or graphite elec¬ 
trodes shall be as shown on the attached sketch. (The sketches referred to may be 
the same as mentioned under “Preparation of Base Material” or may be a separate set. 
They should show the range of electrode sizes for each thickness of material.) 

Nature of Electric Current: The current used shall be (state whether direct or alter¬ 
nating and il alternating give the frequency). The base material shall be on the (state 
whether negative or positive) side of the line. 

Method of Welding: The method of welding used shall be that known as (describe 
whether “backhand” or “forehand”). 

Current Characteristics: The approximate voltage and amperage during welding shall 
be as shown on the attached sketches. (The sketches referred to may be the same as 
those under “Preparation of Base Material” or under “Number of Layers and Passes of 
Welding.”) 

Size of Welding Rod: The size of rod used for the various base material thicknesses 
shall be as shown on the attached sketches. (The sketches referred to may be the same 
as mentioned under “Preparation of Base Material” or may be a separate set.) 

Number of Layers and Passes of Welding: The number of layers and passes of weld¬ 
ing used shall be as shown on the attached sketches. (The sketches referred to may be 
the same as mentioned under “Preparation of Base Material” or may be a separate set. 
They should show the range of thicknesses for which one, two or more layers are used.) 

Cleaning: All slag or flux remaining on any bead of welding shall be removed before 
laying down the next successive bead. 

Defects Any cracks or blow-holes that appear on the surface of any bead of welding 
shall be removed by chipping, grinding or gas gouging before depositing the next suc¬ 
cessive bead of welding. 

Peening: (If peening is to be used, it shall be incorporated as part of the Speci 
fications, a description being given of the degree of peening to be done.) 
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Treatment of Under Side of Welding Groove: (The method of preparing the under 
or second side of a groove for welding on that side should be stated in this paragraph.) 

Preheating: (This paragraph should describe any preheating that will be done.) 

Heat Treatment: (This paragraph should describe any heat treatment or stress 
relieving that is given the welded parts before or after welding.) 

Name of Manufacturer 


II. Metal Arc Welding Process: 

PROCEDURE SPECIFICATION FOR METAL ARC 

WELDING OF 

(State Class of Object to be Welded) 

Specification No. 

Date. 

Process: The welding shall be done by the Metal Arc Process. 

Base Metal: The base material shall conform to the Specifications for (insert here 
references to standard A. S. T. M. or other Code designations, or give the chemical 
analysis and physical properties). 

Filler Metal: The filler metal shall conform to Classification Number- of the 

American Welding Society's Specification for (insert here the title of the desired speci¬ 
fication). 

Position: The welding shall be done in the (give the position or positions in which the 
welding will be done. See Article 104.) 

Preparation of Base Material: The edges or surfaces of the parts to be joined by 
welding shall be prepared by (state whether sheared, machined, ground, gas cut, etc.), 
as shown on the attached sketches and shall be cleaned of all oil or grease and excessive 
amounts of scale or rust, except that a thin coat of linseed oil, if present, need not be 
removed. (The sketches referred to should show the arrangement of parts to be welded 
with the spacing and details of the welding groove, if used. Such sketches should be 
comprehensive and cover the full range of material or base metal thicknesses to be 

welded.) 

Nature of Electric Current: The current used shall be (state whether direct or 
alternating and if alternating give the frequency). The base material shall be on the 
(state whether negative or positive) side of the line. 

Welding Technique: The welding technique, electrode sizes, and mean voltages and 
currents for each electrode shall be substantially as shown on the attached sketches. 
(The sketches referred to may be the same as mentioned under “Preparation of Base 
Material” or may be separate sketches. They should show for the minimum thickness 
and for several intermediate thicknesses of base material, the welding technique to be 
used, whether weaving or beading, the number of layers or passes and diameter of elec¬ 
trode with the mean voltage and current for each layer or pass, and in the case of vertical 
welds, the progression of each pass, whether upward or downward.) 

Note: Since, in the welding of many materials in the flat position and par¬ 
ticularly for the ordinary mild steels, the proper welding “heat” can be readily deter¬ 
mined by the appearance of the individual beads of welding, the use of a “Standard 
Appearance Weld” may be desirable for the flat position. Such a weld should be made 
in the maximum thickness that will be used in construction, except that the maximum 
thickness of the Standard Appearance Weld need not exceed * '< in., and should show 
approximately 2 in. of the surface of each layer and a cross section through the weld 
at each layer, where such cross section is found necessary to produce a clearly under¬ 
standable photograph. When a Standard Appearance Weld is used the following 
paragraph should be used in lieu of specifying current and voltage values. 

Appearance of Welding Layers: The welding current and manner of depositing the 
weld metal shall be such that the layers of welding as deposited shall have the appearance 
shown on the photographs attached hereto. There shall be practically no undercutting 
on the side walls of the welding groove or the adjoining base material. 
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Cleaning: All slag or flux remaining on any bead of welding shall be removed before 
laying down the next successive bead. 

Defects: Any cracks or blow-holes that appear on the surface of any bead of welding 
shall be removed by chipping, grinding or gas gouging before depositing the next suc¬ 
cessive bead of welding. 

Peening: (If peening is to be used, it shall be incorporated as part of the Speci¬ 
fications, a description being given of the degree of peening to be done.) 

Treatment of Under Side of Welding Groove: (The method of preparing the under or 
second side of a groove for welding on that side should be stated in this paragraph.) 

Preheating: (This paragraph should describe any preheating that will be done.) 

Heat Treatment: (This paragraph should describe any heat treatment or stress 
relieving that is given the welded parts before or after welding.) 

Name of Manufacturer 

III. Oxyacetylene Welding Process: 

PROCEDURE SPECIFICATION FOR OXYACETYLENE 

WELDING OF 

(State Class of Objects to be Welded) 

Specification No. 

Date. 


Process: The welding shall be done by the Oxyacetylene Process. 

Base Metal: The base material shall conform to the Specifications for (insert here 
references to standard A. S. T. M. or other Code designations, or give the chemical 
analysis and physical properties). 

Filler Metal: The filler metal shall conform to Classification Number —-— of the 
American Welding Society’s Specification for (insert here the title of the desired speci¬ 
fication). 

Position: The welding shall be done in the (give the position or positions in which 
the welding will be done. See Article 104.) 

Preparation of Base Material: The edges or surfaces of the parts to be joined by 
welding shall be prepared by (state whether sheared, machined, ground, gas cut, etc.), 
as shown on the attached sketches and shall be cleaned of all oil or grease and excessive 
amounts of scale or rust, except that a thin coat of linseed oil, if present, need not be 
removed. (The sketches referred to should show the arrangement of parts to be welded 
with the spacing and details of the welding groove, if used. Such sketches should be 
comprehensive and cover the full range of material or base metal thicknesses to be 
welded.) 

Size of Welding Tip: The range in size of welding tips used shall be as shown on the 
attached sketch. (The sketches referred to may be the same as mentioned under 
“Preparation of Base Material” or may be a separate set. They should show the range 
of tip sizes for each thickness of material.) 

Nature of Flame: The flame used for welding shall be (state whether a neutral 
flame or one with slight excess of acetylene is to be used). 

Method of Welding: The method of welding used shall be that known as (describe 
whether “backhand” or “forehand”). 

Size of Welding Rod: The size of rod used for the various base material thicknesses 
shall be as shown on the attached sketch. (The sketches referred to may be the sam 
as mentioned under “Preparation of Base Material” or may be a separate set.) 

Number of Layers of Welding: The number of layers of welding used shall be a® 
shown on the attached sketches. (The sketches referred to may be the same as 
tioned under “Preparation of Base Material” or may be a separate set. they 
show the range of thicknesses for which one, two or more layers are used.) 

Cleaning: All slag or flux remaining on any layer of welding shall be remove 
laying down the next successive layer. 
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Defects: Any cracks or blow-holes that appear on the surface of any layer of welding 
shall be removed by chipping, grinding, or gas gouging before depositing the next suc¬ 
cessive bead of welding. 

Peening: (If peening is to be used, it shall be incorporated as part of the Specifica¬ 
tions, a description being given of the degree of peening to be done.) 

Treatment of Under Side of Welding Groove: (The method of preparing the under or 
second side of a groove for welding on that side should be stated in this paragraph.) 

Preheating: (This paragraph should describe any preheating that wall be done.) 

Heat Treatment: (This paragraph should describe any heat treatment or stress 
relieving that is given the welded parts before or after welding ) 

Name of Manufacturer 



CHAPTER 61 


FILLER METAL SPECIFICATIONS* 


A. Tentative Specifications for 
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ERICAN WELDING SOCIETY 
SPECIFICATION A 5.1-48T 


MILD STEEL ARC-WELDING ELECTRODES 1 


A.S.T.M. Designation: A 233 - 48 T 

Issued, 1940; Revised, 1942, 1943, 1945, 1948. 2 

These Tentative Specifications have been approved by the sponsoring commit¬ 
tee and accepted by the Cooperating Societies in accordance with established 
procedures, for use pending adoption as standard. Suggestions for revisions 
should be addressed to the Headquarters of the A.S.T.M., 1916 Race St., 
Philadelphia 3, Pa., or of the A.W.S., 33 W. 39th St., New York 18, N. Y. 


These specifications were prepared jointly by the American Welding Society atid 

the American Society for Testing Materials. 


Scope 

1. 'These specifications cover light- 
coated and covered metal arc-welding 
electrodes for the welding of carbon and 
low-alloy steels of weldable quality. 

Part I.—Classification and Accept¬ 
ance 

Classification 

2. (a) The electrodes are classified in 
Table I on the basis of the tensile 
strength of the deposited weld metal, 
type of covering, and type of current and 
welding positions of the electrodes. 

( b ) Any electrode classified under one 


> Under the standardization procedure of the two Soci¬ 
eties, these specifications are under the jurisdiction of the 
A.W.S.-A S.T.M. Joint Committee on Filler Metal. 

2 Latest revision accepted by the A.S.T.M. Adminis¬ 
trative Committee on Standards, June 7, 1948; approved 
by A.W.S. Hoard of Directors, May 17, 1948. 

These specifications, together with the Tentative 
Specifications for Low-Alloy Steel Arc -Welding Electrodes 
(A 316 - 48 T), represent a revision of the former Tenta¬ 
tive Specifications for Iron and Steel Arc-Welding Elec¬ 
trodes (A 233 - 45 T). Prior to 1940, Specifications A 233 
comprised a portion of the former Tentative Specifications 
for iron and Steel Filler Metal (Arc-Welding Electrodes 
and Gas-Welding Rods) (A 205 - 37 T). 


classification shall not be classified under 
any other classification. 

Manufacture 

3. The electrodes may be made by any 
methods that will yield a product con¬ 
forming to the requirements of these 
specifications. 

Chemical Composition 

4. The electrodes shall not be required 
to comply with any limitations on the 
chemistry of electrode or of deposited 
metal. 

Physical Tests 

5. ( a ) Physical tests, comprising (1) 
an all-w’eld-metal tension test to deter¬ 
mine the mechanical properties of the 
deposited metal, and (2) guided-bend 
and fillet-weld tests to demonstrate the 
usability of an electrode as to welding 
position, soundness of weld metal and o 
fusion zone and weld contour, shal e 
performed at the place of manufacture 

of the electrodes, for the purpose o 


* Prepared by the AWS-ASTM Committee on Filler Metal 
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TABLE I.—ELECTRODE CLASSIFICATION. 


Electrode 


Capable of Producing 


Classification 

Type of Coating or Covering 

Satisfactory Welds 

Type of Current 

Number 


in Positions Shown® 



E45 Series.—Minimum Tensile Strength of Deposited Metal in Non-Stress-Relieved Condition 45,000 Psi 


E4510. 

[ Sulcoated 1 


F, V, OH, H 1 Not SDecified, but generally d.c., straight 


| or ! 


polarity (electrode negative). 

E4520. 

[ light coated 


H-Fillets, F 


(or Higher—See Table II). 


E6010. 

High cellulose sodium 

F, V, OH, H 

E6011. 

High cellulose potassium 

F, V, Oil, II 

E6012. 

High titania sodium 

F, V, OH, H 

E6013. 

High titania potassium 

F, V, OH, H 

E6015. 

Low hydrogen sodium 

F, V, OH, H 

E6016. 

Low hydrogen potassium 

F, V, OH, H 

E6020. 

High iron oxide 

j H-Fillcts, F 

EG030. 

High iron oxide 

1 

F 

. .. • . • 


For use with d.c., reversed polarity 
(electrode positive) only. 

For use with a.c. or d.c., reversed polarity 
(electrode positive). 

For use with d.c., straight polarity (elec¬ 
trode negative), or a.c. 

For use with a.c. or d.c., straight polarity 
(electrode negative). 

For use with d.c., reversed polarity (elec¬ 
trode positive) only. 

For use with a.c. or d.c., reversed polarity 
(electrode positive). 

For use with d.c., straight polarity (elec¬ 
trode negative), or a.c. for horizontal 
fillet welds; and d.c , either polarity, 
or a.c , for flat-position welding. 

For use with d.c., cither polarity, or a.c. 


H 

H-Fillets 


Horizontal 
Horizontal Fillets 


^ a vv 
<1 } 


ions E6015 


OH = Overhead J and E6016, % in. and under. 


A*Is of Weld HonzootoK 




Ails of Weld Hofizootol 

/ 



(a) Flat Groove Welds. 


(6) Vertical Groove Welds 


Fig. 1—Positions of lest Plates for Welding Guided 


(c) Overhead Groove Welds. 

-Bend Test Specimens. 


plate* Vertical 





(a) Horizontal Fillet Welds. 

Fig. 2.—positions of Test 


( b) Vertical Fillet Welds. (O Overhead Fillet Welds. 

Plates for Welding Fillet-Weld Test Specimens. 
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classification, when and as prescribed by 
the electrode manufacturer. 

(b) At the option and expense of the 
purchaser any or all of the tests pre¬ 
scribed in Paragraph (a) may be used as 
a basis for acceptance of electrodes. The 
guided-bend test, or fillet-weld test, or 
both, are usually sufficient to determine 
acceptability. 

Methods of Test 

6. Test specimens shall be prepared in 
kind and in number as specified in 
Table II and tests shall be conducted in 
accordance with Sections 17 to 22 of 
these specifications. 

Test Requirements 

7. In order to be classified under these 
specifications an electrode shall be capa¬ 
ble of yielding the following results: 

(a) The all-weld-metal tension test 
specimens shall conform to the require¬ 
ments prescribed in Table III. 

(b) Guided-bend test specimens, after 
bending, shall show no crack or other 
open defect exceeding f in. measured in 
any direction. Cracks occurring on 
corners of a specimen during testing shall 
not be considered. 

( c ) The fillet-weld test specimen shall 
upon examination be free from cracks or 
other open defects affecting its strength. 
Upon examination of the face that has 
been polished and etched as prescribed, 
it is required that: 

(7) Each fillet weld shall have pene¬ 
trated to or beyond the junction of 
the plate edges, 

(2) Both legs of each fillet weld shall 
be of equal length within yq in., 

(J) The convexity (of convex fillet 
welds) shall be not more than ^ in. 
for a f-in. fillet weld, plus in. 
additional for each additional f in. 
of fillet weld size (see Fig. 10), 

(4) The welds and the base metal shall 
be free from cracks, and 


(5) The weld shall be reasonably free 
from undercutting, overlap, trap¬ 
ped slag and porosity. 

(d) The amount of gas collected in the 
determination for hydrogen as specified 
in Section 22, shall not exceed an average 
of 0.1 cu. cm. per gram of deposited 
metal for the four specimens tested. 

Retests 

8. If any specimen fails, one additional 
test assembly shall be welded and tested 
in accordance with the requirements of 
Section 7. 

Insulation 

9. The coverings shall have sufficient 
electrical resistance to effectively insulate 
against a difference of potential of 100 v., 
60 cycles a.c. 

Note. —This does not apply to coiled wire 
which is to be used for machine welding or to 
electrodes of the E45 series of classification. 

Core Wire and Coverings 

10. ( a ) The diameter of the core wire 
shall not vary more than plus or minus 
0.002 in. from the standard size specified. 
The length shall not vary more than plus 
or minus \ in. from that specified. 

(b) The covering on covered elec¬ 
trodes of all sizes shall be concentric 
to the extent that the maximum core¬ 
plus-one-covering dimension shall not 
exceed the minimum core-plus-one-cover¬ 
ing dimension by more than 3 per cent. 
The concentricity shall be measured by 

any suitable means. 

( c ) Core wire and coverings shall be 
free of defects which would interfere with 
uniform performance of the electrodes. 

Exposed Core 

11. ( a ) Covered electrodes for manual 

welding shall be bare or free from cover¬ 
ing for a distance of about f in., but 
not more than lj in., for making con¬ 
tact with the holder. 
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(b) The arc end of each electrode shall 
be sufficiently bare to permit easy strik- 


cross-section of the covering prevails 
shall not exceed the diameter of the core 


TABLE II.—SUMMARY OF TESTS REQUIRED/ 


Classifica¬ 

tion 

Number 


E4510 


E4520 


E6010 


E6011 


E6012 


E6013 


E6015 


E6016 


E6020 


E6030. 


Electrode 


Diameter, in. 


56 54, inch.. 

56 and 54. 

7 /6 and M.... 

$6. 

56 to H, incl.. 

5a and . 

56 and K - • 

*6. 

56 to inch 
5a and 56. 

7 ' 

'll. 


54 

56 . 

56 to 54, inch 
56 and 54 . .. 

56 . 

5'4. 


56 


56 to J4, inch. 

5a and 56. 


va 

*4 

56 


16 to 54, incl. 

56 and 56. 

56. 

54. 

56. 

!6 to 54, incl. 

56. 

*6 . 

56. 

54. 

56. 

56 to 54, inch. 

5a . 

56 . 

56. 

54 . 

56. 

56 to 54, incl. 

56 and 56. 

56. 

54. 

56. 


56 to 54, incl 
56 and 56- • • • 

56. 


Current and Polarity 


not specified 


not specified 


!d.c., reversed polarity 
(electrotie positive) 


polarity 

positive) 


-, - w a # - 

(electrode negative), 
and a.c. 


polarity 
' negative) 


d.c., reversed polarity 
(electrode positive) 


positive) 


d.c.. straight polarity 
(electrode negative), 
and a.c. for horizontal 
fillet welds; d.c., both 


and a.c. 


All-Weld 
Metal Ten¬ 
sion Tesl b 

Guided-Bend 

Test c 

Fillet-Weld 

Test d 

Hydrogen 

Test* 

not required 

not required 

not required 

not required 

• t 

F 

not required 

not required 

not required 

not required 

not required 

not required 

not required 

not required 

not required 

not required 

not required 

not required 

not required 

not required 

not required 

• ft 

F 

not required 

not required 

not required 
• • 

not required 

not required 

not required 

not required 
• • 

not required 

not required 

not required 

not required 

not required 

not required 

not required 

not required 

F 

V and OH 

X and OH 

not required 

not required 

not required 

not required 

not required 

F 

F 

H 

not required 

F 

F 

not required 

not required 

not required 

not required 

not required 

not required 

1 F 

V and OH 

V and OH 

not required 

not required 

not required 

not required 

not required 

F 

F 

H 

not required 

1 F 

F 

not required 

not required 

not required 

not required 

not required 

not required 

F 

V and OH 

V and OH 

not required 

not required 

not required 

not required 

not required 

• ft 

F 

F 

H 

not required 

F 

F 

not required 

not required 

not required 

not required 

not required 

not required 

1 F 

V and OH 

V and OH 

not required 

not required 

not required 

not required 

not required 
• • 

F 

F 

11 

not required 

] F 

F 

not required 

not required 

not required 

not required 

not required 

not required 

F 

V and OH 

Y and OH 

not required 

F 

F 

If 

F 

not required 

not required 

not required 

not required 

• ft 

F 

F 

H 

not required 

F 

F 

not required 

not required 

not required 

not required 

not required 

not required 

F 

V and OH 

V and OH 

not required 

F 

F 

H 

F 

not required 

not required 

not required 

not required 

F 

F 

H 

not required 

] F 

F 

not required 

not required 

not required 

not required 

not required 

not required 

F 

F 

If 

not required 

not required 

not required 

not required 

not required 

F 

F 

H 

not required 

F 

F 

not required 

not required 

not required 

not required 

not required 

not required 

• ft 

| F 

F 

not required 

not required 

not required 

not required 

not required 

not required 

• ft 

1 F 

F 

not required 

not required 

) F 

F 

not required 

not required 


56 in. and for the 56-in. size, the specified tests would require detailed modification; 

I. _ t « n a n t l. a S / a a ,1 1 i n r i ’»«•/» kii* t t iflillt 


° For electrodes smaller than 56 in. and for the 56-m. size the specified tests would 
such sizes may be judged from tlie results of tests on the 56- and /i-in. sizes, respectively. 
b See Sections 7 and 19. 

* See Sections 7 and 20. 

“ See Sections 7 and 21. 

* See Sections 7 and 22. 


ing of the arc. The distance from the 
arc end to the first point where the full 


wire. However, for electrodes larger 
than -1- in. the core wire shall not be 
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exposed around more than one-half the 
circumference at a distance of | in. or 
more from the arc end. 

Standard Sizes and Lengths 

12. Standard sizes and lengths of 
electrodes are as shown in the following 
table. In all cases, standard size refers 
to the diameter of the core wire. 

Standard Sizes, 

Diameter of Standard 

Core Wire, in. Lengths, in. a 

lV. 9 or 18* 

& and -£? . 12 or 18* 

J and -f j . 14 

ts . 14 or 18 

4 > ts and §. 18 

® Electrodes may also be provided in coils or reels. 

* In the case of 18-in. lengths of iV, A and A-in. elec¬ 
trodes, center-gripping of the electrodes is standard. 
In all other cases, end gripping is standard. 

TABLE III.—MINIMUM TENSILE STRENGTH AND 
DUCTILITY REQUIREMENTS FOR ALL-WELD- 
METAL TENSION TEST IN THE AS-WELDED 
CONDITION. 0 


Electrode 

Classification 

Number 

Tensile 
Strength, 
min., psi. 

Yield Point, 
min., psi. 

1 

Elonga¬ 
tion in 

2. in., 
min., per 
cent 

E4510. 

45 000 

not specified 

5 

E4520. 

45 000 

not specified , 

5 

E6010. 

62 000 

52 000 

22 

F6011. 

62 000 

52 000 

22 

E6012. 

68 ono 

55 000 

17 

E6013. 

68 000 

55 000 

17 

E6015. 

68 000 

55 000 

22 

E6016. 

68 000 

55 000 

22 

E6020. 

62 000 

52 000 

25 

E6030. 

62 000 

52 000 

25 


° See Table II for sizes to be tested. 


Packaging 

13. Electrodes shall be packaged as 
follows: 

(a) Bundles or boxes, not exceeding 
50 lb. net weight, or 

( b ) Coils or reels, not exceeding ap¬ 
proximately 200 lb. net weight. 

Marking 

14. All bundles, boxes, coils, or reels 
shall be legibly marked with the follow¬ 
ing information: 

(a) Classification, 

( b ) Manufacturer’s name and trade 
designation, 


(c) Size and net weight, and 

(d) Guarantee. 

Color Markings for Electrode Identifica¬ 
tion 

15. All electrodes shall be color marked 
in accordance with the current “Stand¬ 
ard for Color Markings for Electrode 
Identification” of the National Electrical 
Manufacturers Association. 

Guarantee 

16. The manufacturer shall guarantee 
that the electrodes in all sizes and classifi¬ 
cations conform to these specifications 
and each container shall be so marked. 
The manufacturer’s responsibility shall 
be limited to replacement of any elec¬ 
trodes which do not conform to the re¬ 
quirements of these specifications. 

Part II.— Details of Tests 
Required Tests 

17. The tests specified in Sections 5, 6 
and 7 shall be conducted in accordance 
with the requirements of Table II for 
each size and classification of electrodes 
using the positions of welding and types 
of current shown; all of the details of 
testing shall conform to the requirements 

of this Part II. 

Material for Test Plates 

18. Steel to be used for test plates shall 
conform to one of the following specifica¬ 
tions of the American Society for Testing 
Materials: . 

(a) Standard Specifications for Low 
and Intermediate Tensile Strength Car¬ 
bon-Steel Plates of Flange and Firebox 
Qualities (Plates 2 in. and Under in 
Thickness) Grade C (A.S.T.M. Designa¬ 
tion: A 285). 3 or 

( b ) Standard Specifications for Steel 
for Bridges and Buildings (A.S.T.M. 
Designation: A 7), 4 open-hearth or elec¬ 
tric furnace steel. 

* 1947 Supplement to Book of A.S.T.M. Standards, 
Par « 1946' Book of A.S.T.M. Standards, Part I-A. 
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All-Weld-Metal Tension Test pass sequence prescribed in Paragraph 

19. (a) For electrodes & in. and (b) the assembly shall be removed from 
larger a test plate as required by Table the boiling water after a 5-min. period 


Type of Layers for Testing 
Electrodes 



Each Layer or Pass not to Ex 
ceed X in. in Thickness. 


Electrode Size, in. 


Test Plate Thickness, 
T, in. 


Backing, B, in, 


% 

Hs 

X 

Hi 


*4 

X 

1 

IX 


X 

X 

X 

X 




ft 



1 * 


- 

2 '/ 4 " -* 

■2 m -H 




^F 


YF 




Shouldered or Square Ends Moy Be 
Used if Desiredi Dimensions Shown 
Are For Threaded Ends. 




Tension Test Specimen Test Plate Showing Location of Test Specimen 

Fig. 3. —Requirements for Preparation of A11-Weld-Metal Tension Test Specimens. 


II shall be prepared as shown in Fig. 3. 
The plate shall be insulated from the 
welding bench by \ in. of asbestos during 
welding. After the joint has been tacked, 
the assembly shall be heated in boiling 
water for approximately 5 min. prior to 
welding. The work shall be done in the 
flat position and in an ambient tempera¬ 
ture of not less than 60 F. Weaving 
shall be the full width of the groove ex¬ 
cept for the last layer which shall be 
deposited in two passes. 

( b ) After depositing each pass, the 
assembly shall be left on the asbestos 
to cool in still air for a minimum of 5 min. 
and then immersed in boiling water for 
approximately 5 min. Each subsequent 
pass shall be deposited immediately after 
removal from boiling w'ater. After the 
last pass, the assembly shall be removed 
from boiling water after the 5-min. 
period. 

(c) If it is necessary to interrupt the 


I" Mm 


o 


T 


X 

o 

Q. 

Q. 

< 

~iD 




W W 

Discord 


This Piece 


• • 


Root-Bend 


Specimen 


— 


Foce-Bend 


Specimen 


— 


Discord 


| This Piece 

Direction of RoMmg 




r 

»o|flD 


Weld to be Mode with Three layers Minimum 



-K 


Reinforcement 


I 


Max 


Nominal Core 
J Wire Diameter 

For All E lectrodes 
Except X X 12, 

XX15 a XX16 
For Which Use 
'/ 4 in. 


p IG . 4 .—Test Joint for Guided-Bend Test. 


and allowed to cool in still air at room 
temperature. When ready to resume 
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These Edges may be Flame Cut 
and may or may not be Machined 


Rod.-max. 


i 


si 




be so restrained or preset that warping 
due to welding will not cause the finished 



- t?- 

nr 

*_ 

1 

- 10" Approx. - 

-J 






Note.— Weld reinforcement and backing strip shall be 
removed flush with the surface of the specimen. Machin¬ 
ing or grinding shall be done lengthwise on the specimen. 
The surface of the specimen to be tested shall be finely 
machined or ground. 

Fig. 5. —Face- and Root-Bend Specimens. 


Note.— Specimens shall be sawed or machined from 
test joint. Weld reinforcement and backing strip shall be 
removed flush with the surface of the specimen. Machin¬ 
ing or grinding shall be done lengthwise on the specimen. 
The surface of the specimen to be tested shall be finely 
machined or ground. 

Fig. 7.—Side-Bend Specimen. 




Reinforcement 
| •• 

T Max. 


or Outside Diameter 
of Covering,Whichever 
Is Greater. 


Fig. 6. —Test Joint for Side-Bend Test. 


work, the assembly shall be preheated in 
boiling water for a period of 5 min. 

( d ) One all-weld-metal tension test 
specimen shall be machined from each 
finished test assembly as shown in Fig. 3. 
No stress relieving shall be performed 
on the test assembly nor on the specimen 
removed therefrom. 

Guided-Bend Test 

20. (a) When a classification of elec¬ 
trode permits its use with more than one 
type of current (or polarity), it shall be 
tested using each type of current (and 
polarity). The required test plates shall 


?pped Hole to Suit 
?sting Machine j 

As Required | 


Hordered Rollers I? diom. 
moy be Substituted for 
Jig Shoulders 


W 

I 


T 

1 




T 


3 



—As Required -]—H 

. ^ a _! 


k 

\ Shoulders Hardened* 
\ and Greased 


TT7 

* 



zgi | 

— xl". _>| *"*' 

J 6 Member 



W 

.! =1 

Plunger ^ ^ 

Member— -j l fy ‘rodr 

' P ~T\7~ 1 - 


Die 


Fig. 8 .—Guided-Bend Test Jig* 
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test plate to be out of line by more than 
5 deg. 

(b) For electrodes and Ye in. in 
diameter a test joint conforming to the 
requirements of Fig. 4 shall be prepared 
in the welding positions and using the 
types of current (and polarity if d.c.) 
shown in Table II. The first pass shall 


stress relieving shall be performed on the 
test assembly nor on the specimens re¬ 
moved therefrom. From each com¬ 
pleted test assembly one face-bend and 
one root-bend specimen shall be re¬ 
moved as showm in Fig. 4 and prepared 
for testing as shown in Fig. 5. 

(c) For electrodes \ and Ye m 


TABLE IV—REQUIREMENTS FOR PREPARATION OF FILLET-WELD TEST ASSEMBLIES. 


Electrode Classifica¬ 
tion Number 

Diameter, in. 

Plate Size a 

Position of 

Size of Fillet, 

• 

t rv 

Thickness, T 

Width, IF 

Length, L 

w elding 

in. 


F4 to I'R. incl. 

not required. 


• • • 


• • • 


Mt. .. . 

y* 

not rrm 11 rtu 1 

’ 3 

12 

V and OH 

Yt max. 

E60101 

if.. • • .. 

16 * • . 

3 

18 

V and OH 

Pi max. 

JL0U11J 

VTS. 

Pi. 

i A . . 

11WI 1 C' { U 1 1 C .. 

H 

not required. 

# • • 

3 

18 

• • • 

H 

• • • 

Pi min. 

• • • 








Yt to K, incl. 

^ . 

not required. 

Pi 

• • • 

3 

• • • 

12 

V and OH 

Pi max. 

E60121 

. ... 

Yt . 1 

H 

3 

18 

V and OH 

Ye max. 

E6013J. 

U,. . 

not required. 

• • • 

• • • 

• • • 

... 


. 


3 

18 

FI 

Yt min. 


.g. 

not required. 

• • • 

• • • 

. . . 

• • • 

F.60151 

to incl. 

. 

U L . 

not required. 

Pi I 

Vi 

• • • 

3 

3 

12 

18 

V and OH 

H 

Pi max. 

Ye min. 

E6016J . 

. 

not required 

• • • 

• • • 

... 

• 


'XT • * . 

h . 

. Yt . 

H 

not required. 

3 

• • • 

18 

• • • 

H 

Yt min. 

E6020. 

kft to Mi, incl. 

*06 . 

7 / 

not required. 

H 

Ys 

not required. 

Yi 

not required. 

• • • 

3 

3 

18 

18 

H 

H 

Ys min. 

Yt min. 


i ‘ 

^2, .. 

Pi. 

Yt . 

3 

# # • 

18 

• • • 

H 

• • • 

Yt min. 

• • • 

F.6030 

not renuired. 

• • • 

• • • 

• • • 

# • • 

• • • 

1 

_■ ■ ■ - - 






° See Fig. 9. 



Fig. 9.—Preparation of Fillet-Weld Test 

Specimen. 


be started with the test assembly at a 
temperature between 60 and 100 F. No 


diameter, a test joint conforming to the 
requirements of Fig. 6 shall be prepared 
in the llat position using the types of 
current (and polarity if d.c.) shown in 
Table II. The first pass shall be 
started with the test assembly at a tem¬ 
perature between 60 and 100 F. No 
stress relieving shall be performed on 
the test assembly nor on the specimens 
removed therefrom. From each com¬ 
pleted test assembly two side-bend 
specimens shall be removed as shown in 
Fig. 6 and prepared for testing as shown 

in Fig. 7. 

(d) Each of the face-, root- and side- 
bend specimens shall be bent in a jig 
having the working contour shown in 
Fig. 8, and otherwise substantially in ac- 
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cordance with Fig. 8. Any convenient 
means may be used for moving the 
plunger member with relation to the die 
member. The specimen shall be placed 
on the die member with the weld at mid¬ 
span. Face-bend specimens shall be 
placed with the face of the weld directed 
toward the gap; root-bend specimens 
shall be placed with the root of the weld 
directed toward the gap; side-bend 
specimens shall be placed with that side 
showing the greater defects, if any, 


as shown in Fig. 9 shall be prepared. 
The dimensions of the test plates, posi¬ 
tions of welding, and sizes of fillet weld 
shall be as prescribed in Table IV for the 
particular size and classification of the 
electrode being tested. 

(c) In preparing the two plates form¬ 
ing the test assembly, the standing mem¬ 
ber shall have one edge machined 
throughout its length so that when it is 
set upon the base plate, which shall be 
straight and smooth, there will be inti- 


Convexity 


Size of 
Weld 


Size of 
Weld 


Theoretical 
Throat 



eg of Fillet 

Convex Fillet 


Theoretical 

Throat 



Leg of 
Fillet 



Concave Fillet 

Note. —Size of fillet weld = Leg length of largest inscribed isosceles right triangle. Fillet weld size, convexity 
and leg lengths of fillet welds shall be determined by actual measurement (to nearest in.) on a section laid out 
with scribed lines as shown. 

Fig. 10.—Dimensions of Fillet Welds. 


directed toward the gap. The two 
members of the jig shall be forced to¬ 
gether until the specimen conforms to a 
U-shape, and until a wire in. in diam¬ 
eter cannot be placed between the 
specimen and any point on the curvature 
of the plunger member of the jig. The 
specimen shall then be removed from the 
jig, and the convex surface examined. 

Fillet-Weld Test 

21. (a) When a classification of elec¬ 
trode permits its use with more than one 
type of current (or polarity), it shall be 
tested using each type of current (and 
polarity). 

( b ) A fillet-welded tee-joint assembly 


mate contact for the entire length of the 
joint. 

(d) A single-pass fillet weld shall be 
deposited on one side of the joint using 
the types of current (and polarity if d.c.) 
prescribed in Table II. When welding 
in the vertical position is specified, the 
progression shall be upward. The first 
electrode used shall be consumed for its 
full length except for a stub end of not 
more than 2 in. Additional electrodes, 
if necessary, shall then be used to com¬ 
plete the weld for the full length of the 
joint, consuming each electrode com¬ 
pletely as stated above—insofar as per¬ 
mitted by the length of the assembly. 

(e) After completing the weld on the 
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first side of the joint, the assembly shall 
be cooled to room temperature (but not 
less than 60 F.) by any convenient 
means (Note) before commencing to 
weld on the second side. 

Note.—I f water is used as the coolant, care 
should be taken to ascertain that it has been 
thoroughly removed from the joint. 

(/) The fillet weld on the second side 
of the joint shall be deposited by the 
same procedure as was the first weld. 

(g) At a point approximately 1 in. 
back from the crater end of the deposit 
made with the first electrode on the first 
side of the joint the specimen shall be 
cut. Either face may be polished and 
etched to permit examination. 

(h) The polished and etched face 
shall be scribed as shown in Fig. 10 and 
the size, the leg lengths and the con¬ 
vexity (of convex fillets) shall be deter¬ 
mined to the nearest ^4 in. by actual 
measurement. 

Hydrogen Test 

22. (a) Four test specimens shall be 
prepared by depositing a single bead of 
weld metal on each of four plates meas¬ 
uring | by 1 by approximately 5 in. 
in length, using 3%-in. diameter elec¬ 
trodes. The type of current (and polar¬ 
ity) given in Table II shall apply using 
a current of 170 to 200 amp. and an arc 
voltage of 22 to 28 v. The steel used 


for the test plates shall conform to one of 
those listed in Section 18. Before weld¬ 
ing, the plates shall be thoroughly 
cleaned and weighed to the nearest 0.1 g. 

(b) Not more than 1 in. of each elec¬ 
trode shall be burned off on a starting 
plate immediately prior to depositing weld 
metal on the test specimen. The weld 
bead shall be approximately 4J in. in 
length, and shall be made by consuming 
about 5 in. of electrode. 

(c) Within 30 sec. of completion of 
welding of each specimen it shall be 
quenched in water at approximately 70 
F. Within 120 sec. of completion of 
welding, each specimen shall have been 
cooled, cleaned and placed in an appara¬ 
tus suitable for collecting hydrogen by 
displacement of glycerine. All fou r speci¬ 
mens shall be welded and placed in the 
hydrogen collecting apparatus within 30 
min. 

( d ) The specimens shall be kept im¬ 
mersed in the glycerine for a period of 
48 hr., the glycerine being maintained at 
a temperature of approximately 45 C. 
(113 F). 

(e) The specimens, after removal from 
the glycerine, shall be washed, dried and 
weighed to the nearest 0.1 g., to deter¬ 
mine the amount of weld deposited. 
The amount of gas evolved shall be 
determined in terms of cubic centimeters 
per gram of weld metal. 
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AMERICAN WELDING SOCIETY 
SPECIFICATION A5.2-46T 

A.S.M.E. BOILER CONSTRUCTION CODE 
SPECIFICATION NO.: SA-251 

B. Tentative Specifications for 

IRON AND STEEL GAS-WELDING RODS 1 


A.S.T.M. Designation: A251-46T 

Issued, 1942; Revised, 1946. 2 

These Tentative Specifications have been approved by the sponsoring committee 
and accepted jointly by the A.S.T.M. and the A.W.S. in accordance with estab¬ 
lished procedures, for use pending adoption as standard. Suggestions for re¬ 
vision should be addressed to the Headquarters of the A.S.T.M., 1916 Race Street, 
Philadelphia, 3, Pa., or of the A.W.S., 33 VV. 39th Street, New York 18, N. Y. 


These specifications were prepared jointly by the American Welding Society and 

the American Society for Testing Materials. 




Scope 

1. ( a ) These specifications cover gas¬ 
welding rods for the welding of carbon 
and low-alloy steels of weldable quality. 

Note. —In connection with the welding of 
low-alloy steels the requirements of these 
specifications pertain to the tensile strength and 
elongation of the deposited metal and not to 
high- or low-temperature characteristics, creep 
properties, or corrosion resistance. 

(b) The rods are classified on the basis 
of the ultimate tensile strength of the 
deposited weld metal in the stress-re¬ 
lieved condition, as shown in Table I. 

Manufacture 

2. The rods may be made by any 
methods that will yield a product con- 


| Under the standardization procedure of the two 
Societies, these specifications are under the jurisdiction 
of the A.W.S.-A.S.T.M. Joint Committee on Filler 
Metal. 

2 Revision accepted by A.S.T.M. Administrative Com¬ 
mittee on Standards, July 26, 1946; approved by A.W.S. 
Board of Directors, June 20, 1946. 

These specifications which comprise a portion of the 
former Tentative Specifications for Iron and Steel Filler 
Metal (Arc-Welding Electrodes and Gas-Welding Rods) 
(A 20S - 37 T)) were published as tentative from 1937 to 1940. 


forming to the requirements of these 
specifications. 

Standard Sizes and Length 

3. Standard length rods are 36 in., 
and standard diameters are as follows: 

Tt in. T 2 in. A in. 

£2 in. T6 in. § in. 

i in. j in. 

Chemical Composition 

4. The rods shall conform to the fol¬ 
lowing requirement as to chemical com¬ 
position: 

Sulfur, max., percent. 0.045 

Tension Tests 

5. Tension tests shall be made, using 
or |-in. welding rods, as prescribed 

in the following Paragraphs (a) to (e), 
these tests qualifying all sizes of welding 
rod made from the same melt of steel. 

(a) The steel to be used for test plates 
shall conform to either of the following 
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specifications of the American Society 
for Testing Materials: 

(i) Standard Specifications for Low and 
Intermediate Tensile Strength 
Carbon-Steel Plates of Flange 


shown in Fig. 1 (for welding rods of the 
GA65, GA60, GA50, GB65, and GB60 
classifications) or Fig. 2 (for welding 
rods of the GB45 classification). The 
plate shall be insulated from the welding 


Dimensions of Test Plate and Tension Test Specimen, in. 


1 

A 

B 

C 

| 

D 

i E ! 

F 

i G i 

a 

i i 

J 

0.500 d= 0.01 

2 

- « r 

4^ 

H J 

Vs 

* 

cq 

12 

: 

H j 

i * 



Shouldered or square ends may be 
used if desired; dimensions C,U 
and E are for threaded ends. 


(a) Tension Test Specimen. 



(b) Test Plate Showing Location of Test Specimens. 


Fig. 1.—Requirements for Preparation of All-W eld-Metal tension lest Specimens. 



Weld Rein foreement shot/ be 

Machined Flush with Base Metal 

/ 



be Flame Cut 

(a) Tension Test Specimen. 



Root Spacing Equal to fc" 

( b ) Test Plate Showing Location of Test Specimens. 


p IG> 2._Requirements for Preparation of Full-Section Tension Test Specimens. 


and Firebox Qualities (Plates 2 
in. and Under in Thickness) 
(A.S.T.M. Designation: A 285), 3 
and 

(2) Standard Specifications for Steel 
for Bridges and Buildings (A.S. 
T.M. Designation: A 7), 3 open- 
hearth or electric-furnace steel. 

( b ) A test plate shall be prepared as 

* 1946 Book of A.S.T.M. Standards. Part I A. 


bench by asbestos during welding. After 
the joint has been tacked, the plate on 
both sides of the joint shall be heated 
for approximately 5 min. with a flame 
of the size and type to be used in welding 
the joint. The test plate shall then be 
welded using a maximum of five layers 
and having no layer exceeding in. 
in thickness. The weld metal shall be 
deposited with a backhand technique, 
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using the size and type of flame recom¬ 
mended by the manufacturer of the 
welding rod. After depositing each 
layer, the plate shall be left on the 
asbestos to cool in still air for at least 
15 min. The joint shall be welded com¬ 
pletely but shall not have a reinforce¬ 
ment exceeding 20 per cent of the plate 
thickness. It is permissible to torch 
normalize the weld by reheating the weld 
metal above the critical temperature 
range. After the last pass, the plate 
shall be left on the asbestos until cold. 
The work shall be done at room tem¬ 
perature of not less than 60 F. and in 
the flat position. Test plates shall pre¬ 
ferably be so supported that warping 
due to welding will not cause the finished 
test plate to be out of line by more than 
5 deg. If test plates become warped 
more than 5 deg. they shall be straight¬ 
ened cold before being stress-relieved, 
when required. 

( c ) Two tension test specimens shall 
be machined from the finished test plate 
as shown in Fig. 1 (for welding rods of 
the GA65, GA60, GA50, GB65, and 
GB60 classifications) or Fig. 2 (for 
welding rods of the GB45 classification), 
and shall conform to the requirements 
as to tensile properties prescribed in 
Table I. 

( d ) If either specimen fails, another 
test plate shall be welded and both 
specimens shall conform to the tension 
test requirements prescribed in Table I. 

(e) Welding rods in each classification 
shall be capable of producing satisfactory 
welds which will conform to the tension 
test requirements prescribed in Table I. 


TABLE I.—TENSILE REQUIREMENTS OF 

DEPOSITED METAL. 

(Using %> or J^-in. Welding Rods) 


Welding 

Rod 

Classifi¬ 

cation 

Number 

Plate 
Thick¬ 
ness, in. 

Treatment 
of Welded 
Specimen® 

Tensi< 

Requii 

Tensile 

Strength, 

min. f 

psi. 

3n Test 
ements 

Elonga¬ 
tion in 2 
in., min., 
per cent 

GA65 

Vi. 

SR. 

65 000 

20 



NSR. 

72 000 

17 

GA60 

H 

SR. 

60 000 

25 



NSR. 

62 000 

20 

GA50 

Vi. 

SR. 

50 000 

28 



NSR. 

52 000 

23 

GB65 

H 

SR . 

65 000 

18 



NSR. 

72 000 

15 

GB60 

H 

SR.. 

60 000 

20 

i 


NSR. 

62 000 

15 

GB45 


NSR. 

45 000 6 

• • 


° The abbreviations SR and NSR signify stress- 
relieved and non-stress-relieved, respectively. Stress- 
relieving when prescribed in these specifications is for the 
purpose of developing the fundamental properties of the 
weld metal unaltered by locked-up stress. Values ob¬ 
tained from stress-relieved welded specimens are about 
5 per cent lower in tensile strength and 10 to 20 per cent 
higher in elongation than those of non-stress-relieved 
specimens. Stress-relieving shall be within the range of 
1150 it 25 F. for 1 hr. per inch of thickness. Specimens 
shall be heated in a suitable furnace at the rate of 300 to 
350 F. per hour until a temperature of 1150 db 25 F. has been 
attained. After this temperature has been reached, it 
shall be maintained for 1 hr. for each inch or fraction 
thereof of the maximum thickness of the section. The 
specimens shall be cooled at the same rate specified for 
heating and may be removed from the furnace when the 
temperature of the plates has reached 300 F. 

b This value shall be obtained with the full-section 
tension test specimen shown in Fig. 2. All other values 
in this column shall be obtained with the all-weld-metal 
tension test specimen shown in Fig. 1. 

Face- and Root-Bend Tests of Welded 

Joints 

6 . For all classifications of welding 
rods, except GB45, face- and root-bend 
tests shall be made, using Ye or 4' in * 
welding rods, as prescribed in the fol¬ 
lowing Paragraphs (a) to (/), these tests 
qualifying all sizes of welding rod made 

from the same melt of steel. 

(a) The steel to be used for test plates 
shall conform to either of the specifica¬ 
tions listed in Section 5 (a). 
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(b) A test plate shall be prepared as 
shown in Fig. 3. The work shall be 
done at room temperature of not less 
than 60 F. and in the flat position. No 
stress-relieving shall be performed on 
the test plate or on the specimens re¬ 
moved therefrom. 

( c ) From each test plate there shall be 
removed two face-bend specimens and 
two root-bend specimens in the order 
shown in Fig. 3. The specimens shall be 
prepared for testing as shown in Fig. 4. 


a 1 

I_ 

Discord 

/ his P-ece 

r 

i 

Root bend 

Soecimen 

y 

r 



^ * 

Face Bend 

Soecirnen 

V 

.V 



Root Bend 

Spec/rnen 

V 



« i 

Foce Bend 

Specimen 


-_- 

1 

c * 

.i_ 

1 Discord 

This Piece 


\ 


Cj 

u 

O 

Uj 

\ £ 

/ * 
o 


* 60 % 

£2 


5 » 

* r '*0 




Root Spacing Equal to § 

Fig. 3.—Requirements for Preparation of Test 
Plate for Face- and Root-Bend Tests. 


( d) Each specimen shall be bent in a 
jig having the working contour shown 
in Fig. 5, and otherwise substantially in 
accordance with that figure. Any con¬ 
venient means may be used for moving 
the plunger member with relation to the 
die member. The specimen shall be 
placed on the die member of the jig with 
the weld at mid-span. Face-bend speci¬ 
mens shall be placed with the face of the 
weld directed toward the gap, and root- 
hend specimens shall be placed with the 
root of the weld directed toward the gap. 
ihe two members of the jig shall be 
forced together until the specimen con¬ 


forms to a U-shape, and until a wire 
■^2 in. in diameter cannot be placed be¬ 
tween the specimen and any point on 
the curvature of the plunger member of 
the jig. The specimen shall then be re¬ 
moved from the jig. 


These Edges may be Flame Cut „ 

and may or may net be Machined Roy 76 max. 


1 

1 



5 * 

1 

1 

l 



1 


* - - 



-V 7 

inreo 

-- 10" Approx. -- 

I F 

j 

i 


Note.—W eld reinforcement shall be removed flush with 
the surface of the specimen. Machining shall be done 
lengthwise of the specimen. The surface of the specimen 
to be tested shall be finely machined or ground. 

Fig. 4. —Face- and Root-Bend Specimens. 


Bordered Pollers /} diom 
Topped Hole to Suit may be Substituted for 
Testing Machine J Jig Shoulders j 



( c ) 'Fhc convex surface of each speci¬ 
men shall be examined for the appear¬ 
ance of cracks or other open defects. The 
specimen shall be considered as having 
failed if a crack or other open defect, 
exceeding | in. measured in any direc¬ 
tion, is present after the bending. 
Cracks occurring on the corners of the 
specimen during testing shall not be 
considered. 
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(/) Welding rods of all classifications, 
except GB45, shall be capable of pro¬ 
ducing satisfactory welds which will con¬ 
form to the face- and root-bend test 
requirements prescribed in Paragraphs 
(a) to ( e ) above, for all positions of 
welding. 

Permissible Variations in Dimensions 

7. The diameter of the rod shall not 
vary more than plus or minus 0.005 in. 
from the standard size specified. Cut 
lengths shall not vary from that specified 
by more than plus 0 or minus \ in. 

Workmanship and Finish 

8 . ( a ) Rods shall be of uniform quality 
and free from injurious segregation, ox¬ 
ides, pipe, seams, or other irregularities. 

( b) Rods shall be cold-drawn to a 
smooth finish, free from slivers, depres¬ 
sions, scratches, scale, lime, or foreign 
matter other than oil, except that rods 
may have a copper coating. 

(r) The rods shall be carefully oiled 
with the minimum amount necessary to 
prevent rusting, except when copper- 
coated or otherwise treated to prevent 
rusting. 

Packing 

9. The rods shall be suitably packed, 
wrapped, boxed, or crated to protect 
against injury during shipment or under 
normal dry storage conditions, as follows: 


(a) Bundles of 50 or 100 lb. net weight, 

(b) Boxes or kegs of 50, 100, or 300 lb. 
net weight. 

Marking 

10. (a) Welding rods ^ in. and over in 
diameter shall be marked or stamped 
with positive identification marks at 
intervals of not more than 18 in. Such 
marks shall be clearly distinguishable 
and shall identify the trade designation 
of the manufacturer or the classification 
number of the welding rod. 

( b ) All bundles, boxes, or kegs shall 
be legibly marked with the following 
information: 

(7) Classification, 

(2) Manufacturer's name and trade 

designation, and 

(3) Standard size and length. 

Guarantee 

11. The manufacturer shall make tests 
at frequent intervals in accordance with 
the methods prescribed in these specifi¬ 
cations, and shall guarantee that the 
rods in all sizes and classes conform to 
these specifications, and the marking of 
the classification number on the con¬ 
tainer shall be indication of this fact. 
The manufacturer's responsibility shall 
be limited to replacement of any rods 
which do not conform to the require¬ 
ments of these specifications. 
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C. Tentative Specifications for 

ALUMINUM AND ALUMINUM-ALLOY METAL 

ARC-WELDING ELECTRODES 1 

A.S.T.M. Designation: B 184 - 43 T 

Issued, 1943. 2 

These Tentative Specifications have been approved by the sponsoring com 
mittees and accepted by the Societies in accordance with established proce¬ 
dures, for use pending adoption as standard. Suggestions for revision 
should be addressed to the Headquarters of the A.S.T.M., 1916 Race St., 
Philadelphia 3, Pa., or of the A.W.S., 33 W. 39th St., New York 18, N. Y. 

These Specifications were prepared jointly by the American Welding Society and 

the American Society for Testing Materials. 




Scope 

1. These specifications cover coated 
or covered metal arc-welding electrodes 
for welding aluminum and aluminum 
alloys. The coating or covering is 
referred to in these specifications as 
covering. 

Manufacture 

2. The electrodes may be made by 
any methods that will yield a product 
conforming to the requirements of these 

specifications. 

Standard Sizes and Lengths 

3. Standard sizes and lengths of elec¬ 
trodes are as shown in the following 
table. In all cases, standard size refers 
to the diameter of the core wire. 


1 Under the standardization procedure of the two Socic- 
V*»I *'* esc specifications arc under the jurisdiction of the 
A.n .S.-A.S.T.M. Joint Committee on Filler Metal. 

Accepted by the A.S.T.M. at annual meeting, June, 
J943; approved by A.W.S. Board of Directors, June 10, 


Electrode 

Classification 

N umber 

Standard Sizes, 
Diameter of Core Wire, 
in. 

Standard 

Lengths, 

in. 

Al-2 and Al-43{ 

8, &» A, i> 

A, 1 

14 

18 


Chemical Composition 

4. (a) The electrode core wire for 
Al-2 electrodes shall conform to the 
requirements as to chemical composition 
prescribed for grade 99+ in the Stand¬ 
ard Specifications for Aluminum Ingots 
for Remelting (A.S.T.M. Designation: 
B 24) 3 which are shown in Table I. 

( b ) The electrode core wire for Al-43 
electrodes shall conform to the require¬ 
ments as to chemical composition for 
alloy S2 as prescribed in the 'Tentative 
Specifications for Aluminum-Base Alloy 
Sand Castings (A.S.T.M. Designation: 
B 26) 3 which are shown in Table I. 


3 1942 Book, of A.S.T.M. Standards, Part I, page* 111*;. 
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TABLE I.—CHEMICAL REQUIREMENTS. 

Note. —Analysis shall be made only for the elements 
specifically mentioned in this table. If, however, the 
presence of other elements is indicated in the course of 
routine analysis, further analysis shall be made to deter¬ 
mine that the total of these other elements is not present in 
excess of the limits specified for “total other impurities” 
in the last item in the table. 



Electrode Classification 


Al-2 

Al-43 

Copper, max., per cent. 

0.2 

0.4 

Iron, max., per cent. 

0.6 

0.8 

Silicon, per cent. 

0.5 max. 

4.5 to 6.0 

Magnesium, max., per cent. 
Manganese, max., per cent... . 

0.05 

0.05 

0.05 

0.3 

Zinc, max., per cent. 

0.05 

0.2 

Titanium, max., per cent. 

0.03 

0.2 

Nickel, max., per cent. 

0.03 


Aluminum, per cent. 

99.0 min. 

remainder 

Total other impurities, per . . . 
cent. 

0.1° 

0.3 


a None of the elements included in “total other im¬ 
purities” shall exceed 0.03 per cent maximum. 

Weld Tests 


5. ( a ) To determine the suitability 
of the electrodes for producing welds of 
adequate strength, ductility, and sound¬ 
ness, tension and bend tests shall be 
conducted as-prescribed in the following 
Sections 6 to 8. 

( b ) For electrodes 3 % in. and smaller, 
the performance of these sizes shall be 
judged by the performance of jfe-in. 
electrodes of the same classification. 
For electrodes in. and larger the 
performance shall be judged by the per¬ 
formance of J-in. electrodes of the same 
classification. 

Preparations of Test Specimens 

6. ( a ) A test plate shall be prepared 
as shown in Fig. 1, using the size of 
electrode prescribed in Section 5 ( b ). 
The material for the test plate shall 
conform to the following specifications 
of the American Society for Testing 
Materials: 

( 1 ) For Testing Electrodes of Clas¬ 
sification No. A1-2. 3(1 —Alloy A2 as pre¬ 
scribed in the Tentative Specifications 
for Aluminum and Aluminum-Alloy 
Sheet and Plate (A.S.T.M. Desig¬ 
nation: B 209). 3 

(2) For Testing Electrodes of Clas - 

*° Editorially revised in 1946. Alloy A2 of A.S.T.M. 
Specifications B209 is identical with the alloy covered by 
the former A.S.T.M. Specifications B25; which was discon¬ 
tinued in 1946. 


sification No. Al-43 . 4 —Alloy Ml as pre¬ 
scribed in the Tentative Specifications 
for , Aluminum and Aluminum-Alloy 
Sheet and Plate for Use in Pressure Ves¬ 
sels (A.S.T.M. Designation: B 178). 3 

(b) The plate shall be preheated before 
welding to between 350 and 400 F. All 
welding shall be done from one side in the 
flat position. No stress relieving or 
other thermal treatment shall be done 
after welding. Test plates shall pref¬ 
erably be so supported that warping due 
to welding will not cause the finished 
test plate to be out of line by more than 
5 deg. If test plates become warped 
more than 5 deg., they shall be straight¬ 
ened cold. 

(c) Two reduced-section tension speci¬ 
mens, one guided-face-bend specimen, 


rr 
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I 
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See Detoil "A " 


Warping 5° max 


4*7 



to 




Note --All welding shall 
be done from one side 
and in the flat position 




± 


* *** 
Detail A 


Fig. 1.—Requirements for Preparation of Test 
Plate for Face- and Root-Bend Specimens. 

and one guided-root-bend specimen shall 
be machined from the finished test plate 
as shown in Fig. 2. These specimens 
are in accordance with specimens H- , 
E-l, and F-l, respectively, of the A.W.&. 


« Editorially revised in .1949.. Alloy M* v °^?5'by 
ecifications B 178 is identical with the a - dis- 

e former A.S.T M. Specifications B 126. whicft *a 
ntinuerl in 1947 
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Standard Methods for Mechanical Test¬ 
ing of Welds. 6 

Tension and Bend Test Procedures 

7. (a) Reduced-Section Tension Speci¬ 
mens .—Before testing, the least width 
and corresponding thickness of the 
reduced section of the test specimen 
shall be measured in inches. The cross- 
sectional area shall be obtained by multi¬ 
plying the width by the thickness. The 
specimen shall be ruptured by a tension 
load and the maximum load in pounds 
determined. The tensile strength in 
pounds per square inch shall be calcu¬ 
lated by dividing the maximum load by 


the plunger member with relation to the 
die member. The specimen shall be 
placed on the die member of the jig 
with the weld at mid-span. Face-bend 
specimens shall be placed with the face 
of the weld directed toward the gap, and 
root-bend specimens shall be placed with 
the root of the weld directed toward the 
gap. The two members of the jig shall 
be forced together until the specimen 
conforms to a U-shape, and until a wire 
X 2 in. in diameter cannot be placed 
between the specimen at any point on 
the curvature of the plunger member of 
the jig. The specimen shall then be 
removed from the jig. 


the cross-sectional area. 


2" tor A!/ Thicknesses 


Topped Hole for So// for 



These Edges May 
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(b) Face-and-Root-Bcnd Specimens 
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Fig. 3. — Guided-Bend-Test Jig. 

Hardened rolls may be used on shoulders if desired. 
Specific dimensions for 5^-in. specimen. 

Test Results Required 

8. (a) Reduced-Section Tension Tests. 
—For electrodes of classification No. 
Al-2, the tensile strength of each speci¬ 
men tested shall be not less than 12,000 
psi. For electrodes of classification No. 
Al-43, the tensile strength of each speci- 


Fig. 2.—Details of Test Specimens. 

. Note.—W eld reinforcement shall be removed flush 
w, tn the base metal; undercut shall not be removed. All 
machining shall be done transverse to the weld. 

Tension corners of bend specimens shall be broken 
slightly with a file. 

All specimens shall be plainly marked on both ends. 

(b) Guided-Root- and Face- Bend Speci¬ 
mens. —Each specimen shall be bent in 
a jig having the working contour shown 
in Fig. 3, and otherwise substantially in 
accordance with that figure. Any con¬ 
venient means may be used for moving 


119 -* 2 Welding Handbook, p. 1121, Am. Welding Society. 


men shall be not less than 14,000 psi. 

(b) Guided Root- and Face-Bend Tests. 
—The convex surface of the bend test 
specimens shall be examined for the 
appearance of cracks or other open 
defects. Any specimen in which a crack 
or other open defect is present after 
bending, exceeding J in. measured in 
anv direction, shall be considered as 
having failed. Cracks occurring on the 
corners of the specimen during testing 
shall not be considered. 
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Permissible Variations in Dimensions 

9. (a) Electrodes shall be bare or free 
from covering for a distance of about 
1 in. but not more than \\ in., for mak¬ 
ing contact with the holder. 

( b ) The arc end of each electrode 
shall either be bare or the coating easily 
removable with the lingers to permit easy 
striking of the arc. The length of any 
bare portion of the arc end, measured 
from the end to the point where the full 
cross-section of the coating obtains, shall 
not exceed one core-wire diameter or in 
any case J in. 

(c) The diameter of the core wire shall 
not vary more than plus or minus 0.002 
in. from the standard size specified. 
The length shall not vary more than 
plus or minus § in. from that specified. 

Electrode Coverings 

10. (a) Electrodes shall be suitable 
for making butt and fillet welds in the 
flat position and for making butt welds 
in the vertical position. 

(b) The coverings shall have sufficient 
electrical resistance at or below 100 F. 
to insulate effectively against a difference 
of potential of 100 v. 

(c) The coverings shall during welding 
be consumed uniformly on all sides and 
shall not blister or burn back from the 
core wire. 

(d) The slag produced shall be readily 
removable. 

(c) The fumes given off from the 
covering when used in well-ventilated 
places shall not be injurious to the health 
of the welding operator. 

(J) The coverings shall not blister 
when heated to 400 F. 

Workmanship 

11. (a) The core of electrodes shall be 
of uniform quality and free from injuri¬ 
ous segregation, oxides, pipe, seams, or 
other irregularities. 

( b ) The coverings on electrodes shall 
be such that they are not readily dam¬ 


aged by ordinary handling and shall be 
of commercially uniform thickness and 
shall present a workmanlike appearance. 
Coverings shall be free from injurious 
scabs, blisters, abnormal pockmarks, 
bruises, or other surface defects. 

Packing 

12. ( a ) Electrodes shall be suitably 
wrapped, packed, boxed, or crated to 
insure against mechanical damage during 
shipment or storage. The method of 
packaging shall be such as to protect 
the flux coating from absorbing moisture. 
All packages shall be dated at the time 
of packing. 

(b) Standard packages shall be 1 lb. 
or 10 lb. One-pound pakcages shall be 
packed in moisture-resistant wrappings. 
Ten-pound packages shall be packed in 
moisture-resistant wrappings, or shall be 
hermetically sealed, containing ten 1-lb. 
packages in moisture-resistant wrap¬ 
pings. 

Marking 

13. All bundles, packages, or boxes, 
shall be legibly marked with the follow¬ 
ing information: 

(a) Name of article, 

(b) Classification number, 

(c) Manufacturer’s name and trade 

designation, 

(d) Standard size, length, and net 

weight, and 

( e ) Guarantee. 

Guarantee 

14. The manufacturer shall make tests 
at frequent intervals in accordance with 
the methods prescribed in these spec- 
iiications, and shall guarantee that the 
electrodes in all sizes and classes conform 
to these specifications and each con 
tainer shall be so marked. The manu¬ 
facturer’s responsibility shall be lin T e 
to replacement of any electrodes whic 
do not conform to the requirements o 
these specifications. 
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AMERICAN WELDING SOCIETY 
SPECIFICATION A5.4-48T 


D. 7 'entative Specifications for 


CORROSION-RESISTING CHROMIUM AND CHROMIUM 

NICKEL STEEL WELDING ELECTRO! )ES> 



A.S.T.M. Designation: A 298 - 48 T 

Issued, 1946; Revised, 1948. 2 

These Tentative Specifications have been approved by the sponsoring commit¬ 
tee and accepted by the Cooperating Societies in accordance with established 
procedures, for use pending adoption as standard. Suggestions for revisions 
should be addressed to the Headquarters of the A.S.T.M., 1916 Race St. 
Philadelphia 3, Pa., or of the A.W.S., 33 \V. 39th St.. New York 18, N. Y. 


These specifications were prepared jointly by the American Welding Society and 

the American Society for Testing Materials. 


Scope 

1. These specifications prescribe re¬ 
quirements for covered chromium and 
chromium-nickel steel electrodes yielding 
deposited weld metal in which chromium 
exceeds 4 per cent and nickel does not 
exceed 50 per cent. 

Note.— No attempt has been made to classify 
all grades of electrodes within the limits of the 
above scope; only the more commonly used hav e 
l>een included. 

Part 1.—Classification and Accept¬ 
ance 

Classification 

2. (a) The electrodes are classified on the 
basis of chemical analysis of the weld 
metal and usability characteristics as 
s pecified in Table I. 

1 Under the standardization procedure of the two 
Societies, these specifications are under the jurisdiction of 
tl,c ‘•S.-A.S.T.M. Joint Committee on Filler Metal. 

Revision accepted by the A.S.T.M. Administrative 
on Standards, August 3, 19-18; approved by the 
A ,{ °ard of Directors, June 23, 1948. 


( b) Any electrode classified under one 
classification shall not be classified under 
any other classification. 

Note. —The test requirements of these 
specifications establish minimum quality levels 
which will assure suitability of the electrode 
for the usual applications. The Guide ap¬ 
pended to these specifications describes the 
more common applications and suggests test 
procedures should the intended application 
warrant additional tests. 

Manufacture 

3. The electrodes may be made by 
any method which will yield a product 
conforming to the requirements of these 
specifications. 

Chemical Composition 

4. The electrodes shall be capable of 
depositing weld metal conforming to the 
requirements as to chemical composition 
prescribed in 'Table II. 
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TABLE I.—USABILITY CHARACTERISTICS OF ELECTRODES. 



Classification No. 

Current® 

Position of Welding 6 

E308 Series . < 

i 

E308-15 . 

E308-16 . 

E308-25 . 

E308-26 . 

d.c. 

a.c. or d.c. 
d.c. 

a.c. or d.c. 

} F, V, OH, H 

j . H-Fillets, F 

E309 Series .■ 

. 

E309-15. 

E309-16. 

E309-25. 

E309-26. 

d.c. 

a.c. or d.c. 
d.c. 

a.c. or d.c. 

}.F, V, OH, H 

}.H-Fillets, F 

E310 Series.< 

E310-15. 

E310-16. 

E310-25 . 

E310-26 . 

d.c. 

a.c. or d.c. 
d.c. 

a.c. or d.c. 

|.F, V, OH, H 

| . H-Fillets, F 

E316 Series . 

E316-15 . 

E316-16 . 

E316-25 . 

E316-26 . 

d.c. 

a.c. or d.c. 
d.c. 

a.c. or d.c. 

}.F, V, OH, H 

| . H-Fillets, F 

E317 Series . 

E317-15 . 

E317-16 . 

E317-25 . 

E317-26 . 

d.c. 

a.c. or d.c. 
d.c. 

a.c. or d.c. 

. F, V, OH, H 

. H-Fillets, F 

j 

E330 Series . 

E330-15 . 

E330-16 . 

E330-25 . 

E330-26 . ' 

d.c. 

a.c. or d.c. 
d.c. 

a.c. or d.c. 

j . F, V, OH, H 

j . H-Fillets, F 

( 

E347 Series. 

E347-15. 

E347-16. 

E347-25. 

E347-26. 

d.c. 

a.c. or d.c. 
d.c. 

a.c. or d.c. 

} .F, V. OH. H 

j .H-Fillets, F. 

( 

E410-15. 

d.c. 

a.c. or d.c. 
d.c. 

a.c. or d.c. 

.F, V, OH, H 

E410 Series.j 

E410-16. 

E410-25. 

.H-Fillets, F 

t 

E410-26. 

i 

E430 Series. i 

E430-15. 

E430-16. 

E430-25. 

E430-26. 

d.c. 

a.c. or d.c. 
d.c. 

a.c. or d.c. 

} .F, V, OH, H 


l .H-Fillets, F 

E502 Series.< 

C502*15»•••••••••••••• 

E502-16. 

E502-25. 

E502-26. 

d.c. 

a.c. or d.c. 
d.c. 

a.c. or d.c. 

] .F, V, OH, H 

l .H-Fillets, F 



° Where d.c. is specified, reversed polarity (electrode positive) is required. 
b The abbreviations F, H, V, OH, and H-Fillets indicate welding positions (Fig. 1) as follows: 

F = Flat V = Vertical and 

II = Horizontal OH = Overhead 

H-Fillets = Horizontal Fillets 


Plotes Verticol 


Axis of Weld Horizonto! 



Plote 




(a) Horizontal Fillet Welds. ( b ) Vertical Fillet Welds. (c) Overhead Fillet Welds. 

Fig i—Positions of Test Plates for Welding Fillet-Weld Test Specimens. 
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Physical Tests 

5. (a) Physical tests, comprising (/) an 
all-weld-metal tension test to determine 
the mechanical properties of the deposited 
metal, and (2) a fillet-weld test to demon- 


(b) At the option and expense of the 
purchaser any or all of the foregoing tests 
may be used as a basis for acceptance of 
electrodes. The fillet-weld test is usually 
sufficient to determine acceptability. 


TABLE II.—CHEMICAL REQUIREMENTS FOR ALL-WELD METAL. 


1 

Series 

Carbon, 

max. 

per 

cent 0 

1 

Chromium, 
per cent 

Nickel, 
per cent 

Molvb- 

• 

denum, 
per cent 

Columbium, 
per cent 

Man¬ 

ganese, 

max., 

per 

cent 

Silicon, 

max., 

per 

cent 

Phos¬ 

phorus, 

max., 

per 

cent 

Sulfur, 

max., 

per 

cent 

E308. 

0.08 

19.0 min. 

9.0 min. 

• • • 

• • • 

2.50 

0.75 

0.030 

0.030 

E309. 

0.15 

22.0 min. 

12.0 min. , 

• 99 

• • • 

2.50 

0.75 

0.030 

0.030 

E310. 

0.20 i 

25.0 min. 

20.0 min. ■ 


• • • 

2.50 

0.75 

0.030 

0.030 

E316. 

0.08 | 

17.0 min. 

11.0 min. 

1.75 to 
2.50 

• * • 

2.50 

0.75 

0.030 

0.030 

E317. 

0.08 

18.0 min. 

12.0 min. 

3.00 to 
4.00 

• • • 

2.50 

0.75 

0.030 

0.030 

E330. 

0.25 : 

14.0 min. 

33.0 min. 

i 

• • • 

a • • 

2.50 

0.75 

0.030 

0.030 

E347 . 

0.08 

18.0 min. 

9.0 min. 

• • • 

10 x c, 

1.20 max. 

2.50 

0.80 

0.030 

0.030 

E410. 

0.12 

11.0 min. 

0.60 max. 

• # • 

. • . 

0.60 

0.75 

0.030 

0.030 

E430. 

0.10 

15.0 min. 

0.60 max. 

... 

• • • 

0.75 

0.75 

0.030 

0.030 

E502. 

0.10 

4.0 to 6.0 

0.40 max. 

0.45 to 
0.65 

* - * 

0.75 

0.75 

0.030 

0.030 


° Carbon shall be analyzed to the nearest 0.01 per cent. 


TABLE III.—SUMMARY OF TEST REQUIREMENTS. 


Electrode Position of Welding 


Designation 
(All Scries) 

-! 

Diameter, in. 

Current 

Chemical 

Analysis'' 

AU-Weld-Mctal 
Tension Test 0 

Fillet Weld Test* 


\<t 56. 54 . 

d.c. 

F 

not required 

not required 

—15 .... 

Vu, Ja . 

d.c. 

F 

F 

V and OH 


54. C . 

d.c. 

F 

F 

H 








u; 54 . 


a.c.j 


F ! 

not required 

F 

not required 

—16 . 

y», . 

i 

and. 


F 

V and OH 


54, K. 


d.c., 


F 

F 

H 

- 2s .{ 

U r. 56 54 . 

d.c. 

F 

not required 

not required 

V* to > 4 , incl. 

d.c. 

F 1 

F 

II 


14 56. 54 . 


a.c.l 

1 

F 

not required 

not required 

—26. 

fa to V\. incl. 

< 

!and 

► 

F 

F 

H 




id.c., 

1 





a Where d.c. is specified, reversed polarity (electrode positive) is required. 
b See Sections 4 and 18. 

* Sec Sections 7 and 19. 
d Sec Sections 7 and 20. 


strate the usability of an electrode, 
soundness of weld metal and of fusion 
zone and proper weld contour, shall be 
performed at the place of manufacture 
of the electrodes, for the purpose of 
classification, when and as prescribed by 
the electrode manufacturer. 


Methods of Test 

6 . Test specimens shall be prepared in 
kind and in number as specified in Table 
III and tests shall be conducted in ac¬ 
cordance with Sections 16 to 20 of these 
specifications. 




























1530 


AWS STANDARDS 


Test Requirements 

•7. In order to be classified under these 
specifications an electrode shall be capa¬ 
ble of yielding the following physical 
test results in addition to the chemical 
requirements prescribed in Section 4: 

(a) The all-weld-metal tension test 
specimens shall conform to the require¬ 
ments prescribed in Table IV. 

( b ) The fillet-weld test specimen shall 
upon examination be found free from 


TABLE IV—TENSILE REQUIREMENTS I'OR 

ALL-WELD METAL. 


Series 

Tensile 
Strength, 
min., psi. 

Elongation 
in 2 in., min., 
per cent 

Heat 

Treatment 

E308 . 

80 000 

35 

none 

E309. 

80 000 

35 • 

none 

E310. 

80 000 

30 

none 

E316. 

80 000 

30 

none 

E317. 

80 000 

30 

none 

E330. 

75 000 

25 

none 

E347 . 

80 000 

30 

none 

E410. 

70 000 

20 

a 

E430. 

70 000 

20 

b 

E502. 

60 000 

20 

a 


a Specimen shall be heated to between 1550 and 1600 
F. and held for 2 hr., furnace cooled at a rate not exceeding 
100 F. per hr. to 1100 F., and air cooled. 

b Specimen shall be heated to between 1400 and 1450 
F. and held for 4 hr., furnace cooled at a rate not exceed¬ 
ing 100 F. per hr. to 1100 F., and air cooled. 

cracks or other open defects affecting its 
strength. Upon examination of the 
face that has been polished and etched as 
prescribed, it is required that: 

(/) Each fillet shall have penetrated 
to or beyond the junction of the 
plate edges, 

(2) Both legs of each fillet weld shall 
be of equal length within yg i n -> 

(J) The convexity shall be within the 
maximum allowable limits pre¬ 
scribed by the graph shown in Fig. 
2 , 

(4) The weld and base metal shall 
show no evidence of cracks, and 

(5) The weld shall be reasonablv free 
from undercutting, overlap, trap¬ 
ped slag and porosity. 


Retests 

8 . Retests may be made in accordance 
with the following: 

(a) If the all-weld-metal tension test 
specimen fails, two additional test as¬ 
semblies shall be prepared and both 
specimens shall conform to the require¬ 
ments as to tensile properties prescribed 
in Table IV. 

(b) If the fillet-weld test specimen does 
not meet the requirements prescribed in 
Section 7, one additional assembly shall 
be prepared and tested. 

Core Wire and Coverings 

9. ( a ) The diameter of the core wire 
shall not vary more than plus or minus 
0.002 in. from the standard size specified. 
The length shall not vary more than plus 
or minus J in. from that specified. 

( b ) The coverings shall be concentric 
to the extent that the maximum core- 
plus-one-covering dimension shall not 
exceed the minimum core-plus-one-cover¬ 
ing dimension by more than 5 per cent. 
The concentricity may be measured by 
any suitable means. 

(c) Core wire and coverings shall be 
free of defects which would interfere with 
uniform performance of the electrodes. 

Exposed Core 

10. (a) The grip portion of the elec¬ 
trode shall be free from covering for ap¬ 
proximately f in. but not more than l\ 
in. for end-grip electrodes and approxi¬ 
mately 1 \ in. but not more than 2 in. for 
center-grip electrodes. 

(b) The arc end of each electrode shall 
be sufficiently bare to permit easy strik¬ 
ing of the arc. The distance from the arc 
end to the first point where the full cross- 
section of the covering prevails shall not 
exceed the diameter of the core wire. 
However, for electrodes larger than J in. 
the core wire shall not be exposed around 
more than one-half the circumference 

at a distance of g in. or more from the arc 
end. 
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Standard Sizes and Lengths 

11. Standard sizes and lengths of 
electrodes are as shown in the following 
table. In all cases, standard size refers 
to the diameter of the core wire. 

Standard Sizes, Standard 

Diameter of Core Lengths, in. 

Wire, in. 

is, A* A. 9 or 

l &, ft. \ . 14 

a Center gripping of 18-in. length electrodes is stand¬ 
ard. In all other cases, end gripping is standard. 

Packaging for Domestic Use 

12. The standard net weight shall be 


25 or 50 lb., packaged in a container 
which will insure against injury during 
shipment and against injury in storage 
when stored in a protected warehouse or 
its equivalent. 

Marking 

13. Each container shall be legibly 
marked with the following information: 

(a) Classification, 

(i b ) Manufacturer’s name and trade 
designation, 


Convexity 


Theoreticol 
Throat 



Size of 
Weld 


Leg of Fillet 

Convex Fillet 


Theoretical 

Throat 




Size of Weld 


Size of^ —" [Leg of _J 
Weld ' Fillet 

Concove Filler 

Dimensions of Fillet Welds. 

Note 1.—Size of fillet weld « Leg length of larger inscribed isosceles right triangle. 

Note 2 .—Length of horizontal leg of fillet weld shall not vary more than W in. from length of vertical leg. 

Note 3.— Fillet weld size, convexity and leg lengths of fillet welds shall be determined by actual measurement 
to nearest 5^ in.) on a section laid out with scribed lines as shown. 



. £*V te *—When testing 18-in. end grip clectrod •*, length 
iiall be 15 in., min. 


Fleet rode 
Diameter, 
in. 

Thickness 
of Plate, t 
in. 

Position of Welding 

Required 
Fillet Size 
max., in. 

H 

* I 

V. 

II and OH. 

x 

% 


* 1 

V. 

H and OH. 

At 

X 

ht 

H 

H. 

'At 

X 

X 

H. 

X 


Fig. 2.—Fillet Weld Test. 
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(c) Standard size and net weight, and 

(d) Guarantee. 

Color parkings for Electrode Identifica¬ 
tion 

14. The stub end (or bare portion of 
center-grip electrodes) shall be color 
marked to designate the grade as shown 


and each container shall be so marked. 
The manufacturer’s responsibility shall 
be limited to replacement of any elec¬ 
trodes which do not conform to the re¬ 
quirements of these specifications. 

Part II.— Details of Tests 
Required Tests 

16. The tests specified in Sections 4, 


Secondary Color-Spot or Band 



Primary Color - at or on End 

End Grip Electrode 


Primary Color - Center Spot or Band 



Secondary Color - Spot or Band 


Center Grip Electrode 

Fig. 3. —Color Marking for Electrode Identification 


in Fig. 3, using the colors specified in the 
following table: 


Color 


Series 



End 

1 Side 

E308. 

yellow 

| 

none 

E309. 

black 

wh i te 

E310. 

red 

none 

E316. 

yellow 

white 

E317. 

yellow 

brown 

E330. 

green 

none 

E347. 

yellow 

blue 

E410. 

gray 

brown 

E430. 

gray 

green 

E502. 

gray 

blue 

Guarantee 


15. The manufacturer shall guarantee 
that the electrodes in all sizes and classifi¬ 
cations conform to these specifications 


5, 6 and 7 shall be conducted in accord¬ 
ance with the requirements of Table III 
for each size and classification of elec¬ 
trodes using the positions of welding and 
types of current shown; all of the details 
of testing shall conform to the require¬ 
ments of this Part II. 

Material for Test Plates 

17. ( a ) For the all-weld-metal tension 
test the steel to be used shall conform to 
the Standard Specifications for Low and 
Intermediate Tensile Strength Carbon- 
Steel Plates of Flange and Firebox Qual¬ 
ities (Plates 2 in. and Under in Thickness) 
(A.S.T.M. Designation: A 285). 3 The 
plates and backing shall be clad before 

* 1947 Supplement to Book of A.S.T.M. Standards, 
Part I-A. 
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assembling with two layers of weld metal 
deposited (as shown in Fig. 4) by the 
electrodes being classified. 

(b) For the fillet-weld test the steel to 
be used shall conform to the following 
specifications of the American Society 
for Testing Materials: 

(J) For electrodes of the E308, 
E309, E310, E316, E317, E330, and 


tions for Low and Intermediate Pensile 
Strength Carbon-Steel Plates of Flange 
and Firebox Qualities (Plates 2 in. and 
Under in Thickness) (A.S.T.M. De¬ 
signation: A 285). 3 

Chemical Analysis 

18. (<z) The required pads shall be 
deposited using the type of current pre 



l est Plate 

Diameter of 


Thickness, 

Tension Test 

Electrode Size, in. 

in. 

Specimen, in. 


I 

A j 

x . 

M 

0.252 =fc 0.005 

*/» to incl. 

M 

0.500 ± 0.U10 

1 1 


Dimensions of Test Plate and Tension Test Specimen, in. 


B 

C 

1 D 1 

E 

F ' 

G 

H 

j 

k 

1 

H 

i 2M 

! ~ 

X 


l X 

3 

Yx 

X 

2 

X 

i 

X 

X 

lYx 

5 

Yu 

34 


- - c b- 

Tql Shouldered or 


_ 

» 

i 


i 


room 


A 


J_ 


UJ 


, 


F L 


\ 




Square Ends May 
Be Used if Desired' 
Dimensions C, D 
ond E are for . 
Threaded Ends. 


5" 


- 45 


XL 

■JjL' -5- 




V 


* 


\ _ 



K 


-J - 


Eoch Loyer or Pass Not to 
Exceed '/q in. in Thickness. 
For '/Q-in. and '/^-in. Elec¬ 
trodes the First Two Lay¬ 
ers May Be Deposited 
With One Poss Each. 


Fig. 4.—Requirements for Preparation of All-Welcl-Metal Tension Test Specimens. 


E347 series of classification.—Stand¬ 
ard Specifications for Corrosion-Re¬ 
sisting Chromium-Nickel Steel Plate, 
Sheet, and Strip (A.S.T.M. Designa¬ 
tion: A 167), 4 grade 3, hot-rolled. 

(2) For electrodes of the E410 and 
E430 series of classifications.—Stand¬ 
ard Specifications for Corrosion-Re¬ 
sisting Chromium Steel Plate, Sheet, 
and Strip (A.S.T.M. Designation: A 
176), 4 grade 4, hot-rolled. 

(3) For electrodes of the E502 series 
of classifications.—Standard Specifica- 

* 1946 Rook of A.S.T.M. Standards, Part I-A. 


scribed in Table III excepting that where 
both a.c. and d.c. are specified, only one 
type of current need be used. Pads of 
weld metal for chemical analysis shall 
be prepared as prescribed in Paragraphs 
( b ) and (c), and chemical analyses shall 
be made from samples machined from 
the pads in a manner prescribed in 
Paragraph ( d ). 

( b ) Weld pads shall be deposited on 
mild-steel base plates (carbon 0.25 per 
cent, max.) and shall conform to the 
following dimensions: 
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Electrode Size, Pad Size, min., 

in. in. 

tV> . 1 by 1 by | 

i, A, re . H by H by h 

i.. 2 by 2 by ^ 

(c) The pads shall be deposited in 
layers, each pass of which shall measure 
in width one and a half to two and a half 
times the diameter of the core wire. 
After each layer, the pad shall be im¬ 
mersed in water (temperature unimpor¬ 
tant) for 30 sec. The arc length shall be 
as short as practicable, the average arc 
voltage not exceeding the following 
values; the average current shall be 
within the following ranges: 


Electrode 
Diameter, in. 

• 

Arc Amperes 

Arc Voltage 

1 

35 to 45 

24 

lb . 

5 

45 to 55 

24 

o 4 . 

A- . 

65 to 80 

24 

F 

90 to 110 

25 

8 . 

A-. 

120 to 140 

26 

•s & . ..•••• 

3 

160 to 180 

27 

lo ... 

i 

220 to 240 

28 

4 .. 




(d) The top surface of the pad shall be 
removed and discarded, and a 1-oz. 
sample for analysis shall be removed by 
machining, drilling, or milling in such a 
manner that no metal shall be removed 
within \ in. from the surface of the base 
plate. Machining shall be done with 
high-speed tools, and the use of lubri¬ 
cants shall be avoided. 

Note.—P ads which are too hard for machin¬ 
ing may be given an annealing heat treatment 
(see Table IV). 

All-Weld-Metal Tension Test 

19. (a) Tension tests shall be made as 
prescribed in Paragraphs ( b ) to (e), using 
the types of current (reversed polarity, 
if d.c.) for each size and classification of 
electrode as shown in Table III. The 
plates and backing shall be clad before 
assembling with two layers of weld metal, 
deposited by the electrodes being classi¬ 
fied, as shown in Fig. 4. 


( b ) Plates shall be restrained during 
welding sufficiently to prevent warpage 
in excess of 5 deg. A test plate which 
has warped more than 5 deg. shall be 
discarded. (Test plates shall not be 
straightened.) 

(c) The test assembly shall be within 
the following temperature ranges before 
starting to weld each pass: 


Series ' 

Interpass Temperature, deg. 

Fahr. 

Minimum 

Maximum 

E308. 

60 

300 

E309. 

60 

300 

E310. 

60 

300 

E316. 

60 

300 

E317. 

60 

300 

E330. 

60 

300 

E347. 

60 

300 

E410. 

300 

500 

E430. 

300 

500 

E502. 

300 

500 


If after any pass the maximum tempera¬ 
ture specified above is exceeded, plates 
shall be allowed to cool in air. (Do not 
cool in water.) 

(d) One all-weld-metal tension test 
specimen shall be machined from each 
finished test assembly as shown in Fig. 4. 

Fillet-Weld Test 

20. (a) When a classification of elec¬ 
trode permits its use with more than one 
type of current (or polarity), it shall be 
tested using each type of current (and 
polarity). 

0 b ) A fillet-welded tee-joint shall be 
prepared in accordance with Fig. 2 
including the dimensions of test plates, 
positions of welding and size of fillet- 
weld prescribed therein for the particular 

size of electrode being tested. 

(i c ) In preparing the two plates form¬ 
ing the test assembly, the standing 
member shall have one edge machined 
throughout its length so that when it is 
set upon the base plate, which shall be 
straight and smooth, there will be 
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intimate contact for the entire length of 
the joint. 

(d) A single-pass fillet weld shall be 
deposited on one side of the joint using 
the types of current (and polarity if d.c.) 
prescribed in Table III. When welding 
in the vertical position is specified, the 
progression shall be upward. The first 
electrode used shall be consumed for its 
full length except for a stub end of not 
more than 2 in. Additional electrodes, 
if necessary, shall then be used to com¬ 
plete the weld for the full length of the 
joint, consuming each electrode com¬ 
pletely as stated above—insofar as 
permitted by the length of the assembly. 

( e ) After completing the weld on the 
first side of the joint, the assembly shall 
be cooled to room temperature (but not 
less than 60 F.) by any convenient means 


(Note) before commencing to weld on 
the second side. 

Note. —If water is used as the coolant, care 
should be taken to ascertain that it has been 
thoroughly removed from the joint. 

(/) The fillet weld on the second side 
of the joint shall be deposited by the 
same procedure as was the first weld. 

(g) At a point approximately 1 in. 
back from the crater end of the deposit 
made with the first electrode on the first 
side of the joint the specimen shall be 
cut. Either face may be polished and 
etched to permit examination. 

(//) The polished and etched face shall 
be scribed as shown in Fig. 2 and the size, 
the leg lengths and the convexity (of 
convex fillets) shall be determined to the 
nearest ^ in. by actual measurement. 
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AMERICAN WELDING SOCIETY 
SPECIFICATION A 5.5-48T 



Tentative Specifications for 


LOW-ALLOY STEEL ARC-WELDING ELECTRODES 1 




A.S.T.M. Designation: A 316 - 48 T 

Issued, 1948. 2 

These Tentative Specifications have been approved by the sponsoring commit¬ 
tee and accepted by the Cooperating Societies in accordance with established 
procedures, for use pending adoption as standard. Suggestions for revisions 
should be addressed to the Headquarters of the A.S.T.M., 1916 Race St., 
Philadelphia 3, Pa., or of the A.W.S., 33 W. 39th St., New York 18, N. Y. 


These specifications were prepared jointly by the American Welding Society and 

the American Society for Testing Materials. 


Scope 

1. These specifications cover covered 
metal arc-welding electrodes for the weld¬ 
ing of low-alloy steels of weldable quality. 

Note. —The requirements of these specifica¬ 
tions pertain to the tensile strength and elonga¬ 
tion of the deposited metal and not to high- or 
low-temperature characteristics, creep proper¬ 
ties, or corrosion resistance. 

Part I. —Classification and Accept¬ 
ance 

Classification 

2. ( a ) The electrodes are classified in 
Table I on the basis of the tensile 
strength of the deposited weld metal, 
type of covering, and type of current and 
welding positions of the electrodes. 

1 Under the standardization procedure of the two Soci¬ 
eties, these specifications are under the jurisdiction of the 
A.W.S.-A.S.T.M. Joint Committee on Filler Metal. 

2 Accepted by the A.S.T.M. Administrative Commit¬ 
tee on Standards, June 7, 1948; approved by the A.W.S. 
Board of Directors, May 17, 1948. 

These specifications formerly comprised a portion of 
the Tentative Specifications for Iron and Steel Arc-Weld¬ 
ing Electrodes (A 233 - 45 T), but were revised and 
separated from Specifications A 233 in 1948. 


(b) Any electrode classified under one 
classification shall not be classified under 
any other classification. 

Manufacture 

3. The electrodes may be made by 
any methods that will yield a product 
conforming to the requirements of these 
specifications. 

Chemical Composition 

4. The electrodes shall not be required 
to comply with any limitations on the 
chemistry of electrode or of deposited 
metal. 

Physical Tests 

5. (a) Physical tests, comprising CO 
an all-weld-metal tension test to deter¬ 
mine the mechanical properties of the 
deposited metal, and (i) fillet-weld tests 
to demonstrate the usability of an elec¬ 
trode as to w r elding position, soun ess 
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TABLE I.—ELECTRODE CLASSIFICATION, 


Electrode 

Classification 

Number 


Type of Covering 


Capable of Producing 
Satisfactory Welds 
in Positions Shown® 


Type of Current 


E70 Series. Minimum Tensile Strength of Deposited Metal in Stress-Relieve d Condition 70,000 psi. 
E701 °. High cellulose sodium I F, V, OH, H I For use with d.c.. reversed nnlaritv (el 


£7011. High cellulose potassium 

E7013.I High titania potassium 

E7015. Low hydrogen sodium 

E7016. Low hydrogen potassium 

E7020. High iron oxide 

E7025.| Low hydrogen sodium 

E'026. ; Low hydrogen potassium 

E7030. High iron oxide 


F, V, Oil, H 
F, V, OH, II 
F, V, OH, H 
F, V, OH, H 
H-Fillets. F 


H-Fillets, F 
H-Fillets, F 
F 


For use with d.c., reversed polarity (elec¬ 
trode positive) only. 

For use with a.c. or d.c., reversed polarity 
(electrode positive). 

For use with a.c. or d.c., straight polarity 
(electrode negative). 

For use with d.c., reversed polarity (elec¬ 
trode positive) only. 

I*or use with a.c. or <i.c., reversed polarity 
(electrode positive). 

For use with d.c., straight polarity (elec¬ 
trode negative) or a.c. for horizontal 
fillet welds; and d.c., either polarity, or 
a.c. for flat-position welding. 

for use with <l.c., reversed polarity (elec¬ 
trode positive) only. 

I-or use with a.c. or d.c., reversed polarity 
(electrode positive). 

for use with d.c., either polarity, or a.c. 


1-80 Seri es.—M inimum Tensile Strength of Deposited Metal in Stress-Relieved Condition 80,000 psi. 


E80l °. 1 High cei,ulose so<Jium F. V. OH. II For use with d.c., reversed polarity (elcc- 

PfiAn ii- i ii i . trode positive) onlv. 

E80n H,Kh cellulose potassium F, V, OH, H For use with a.c. or d.c., reversed polarity 

l-oa,, | ... , . . I . (electrode positive). * 

M0U .| H,gh laama Potassmm F. V, OH, H For use with a.c. or d.c., straight polarity 

i. wm 5 i r | , , „ (electrode negative). v ) 

KmS . 1 Low Lvdrogen sodium F, V, OH, H For use with d.c., reversed polarity (elec 

^ 16 . Low h >drogen potassium j L V , OH. H For use with a.c. or d.c., reversed polarity 

fc802 °. Hlgh ,r ° n OV,de Il-I - diets, 1 « For use with d.c., straight polarity (elec¬ 

trode negative) or a.c. for horizontal 
Inlet welds; and d.c., either polarity or 

25 Low hydrogen so,iium H-F.llets, I For use with reversed polarity (elec 

' 8 26 . Low hydrogen potassium H-Fillcts, F For use with a.c. or d.c., reversed polarity 

coin I ... , - . , (electrode positive). * 

— LVI’JIZ'.'I ,r °“ 0X1 C 1 For use with d.c., either polarity, or a.c. 

- E9 ° Sg&1ES -~ MtN IMUM Tens ile Stren gth ok Deposited Metal in Stress-Relieved Condition 90,000 psi 

9010 HiKh ccllulose so,iium I- V, OH, II For use with d.c., reversed polarity (elec 

(Mm ....... . trode positive) onlv. 

H,gl ' “ llulose l*oUSMum F, V, OH, II For use with a.c. or d.c., reversed polarity 

9013 High manta potassium F, V, Oil, H For use with a.c. or d.c., straight polarity 

omc iii .. . (electrode negative). y 

MtS . Low hydrogen sodium ' , V. Oil, II For use with d.c., reversed polarity (elec- 

oniA 111 . I . trode positive) only. 

16 LoW hydrOKen '• • V. ««. H For use with a.c. or d.c., reversed polarity 

20 II,gl, ,run oxtde i H-Fillels, I 1 For use with d.c., straight polarity (elec 

I I n? l ! C n «sat»ve) or a.c. for horizontal 

fillet welds; and d.c., either polarity or 

ofioc i 1 1 •• lw a.c. for flat*ix)sition wcldim? 

25 Low hydrogen sod,urn H-hdiets, F For use with J.c., reversed polarity (elec- 

26 Low hydrogen pousstum H-Fillets, F For use with a.c. or Zc.. reversed polarity 

**30 . High iron oxide V For u'SlwiU.'d , • 

| ror use with <i. c ., either polarity, or a.c. 


E8015 


E8020 


F. V, Oil, II 
F, V, OH, H 
F, V, Oil, II 
F, V, OH, H 
F, V. OH, H 
H-Fillets, F 


E8025 

K8026 

E8030 


Low hydrogen sodium 
Low hydrogen potassium 
High iron oxide 


H-Fillets. F 
H-Fillets. F 


polarity (elec- 


E9010. 

High cellulose sodium 

F V, OH, II 

K9011. 

High cellulose potassium 

F, V, OH, II 

E9013. 

High titania potassium 

F, V, Oil, H 

E901S... 

Low hydrogen sodium 

F, V, OH, II 

E9016 ... 

Low hydrogen potassium 

F, V, OH, H 

E9020 

High iron oxide 

H-Fillets, F 

E9025. 

Low hydrogen sodium 

H-Fillets, F 

E9026. 

Low hydrogen potassium 

H-Fillets. F 

E9030. . . 

High iron oxide , 

F 


tioo Series. Minimum Tensile Strength ok Deposited Metal in Stress Relieved Con 


DITION 100,000 PSI. 


E10010 . 

High cellulose sodium 

1 F, V, OH. II 

E10011 

High cellulose potassium 

F, V, OH, H 

E10013. . 

High titania i>otassium 

F, V, OH, H 

E10015 .. 

Low hydrogen sodium 

F, V, OH, H 


For use with d.c reversed polarity (elec- 
„ trode positive) only. 

I-or use with a.c. or d.c., reversed polarity 
(electrode positive). 

For use with a.c. or d.c., straight polarity 
(electrode negative). 

For use with d.c., reversed polarity (elec- 
trode positive) only. 


ec- 
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TABLE I.—ELECTRODE CLASSIFICATION— Continued. 


Electrode 

Classification 

Number 



Capable of Producing 
Satisfactory Welds 
in Positions Shown® 


Type of Current 


E100 Sebies.—Minimum Tensile Strength of Deposited Metal in Stress-Relieved Condition 

100,000 psi.— Continued . 


E10016. 

Low hydrogen potassium 

F, V, OH, H 

E10020. 

High iron oxide 

H-Fillets, F 

E10025. 

Low hydrogen sodium 

H-Fillets, F 

E10026. 

Low hydrogen potassium 

H-Fillets, F 

E10030. 

High iron oxide 

F 


For use with a.c. or d.c., reversed polarity 
(electrode positive). 

For use with d.c., straight polarity (elec¬ 
trode negative), or a.c. for horizontal 
fillet welds; or a.c. for flat-position 
welding. 

For use with d.c., reversed polarity (elec¬ 
trode positive) only. 

For use with a.c. or d.c., reversed polarity 
(electrode positive). 

For use with d.c., either polarity, or a.c. 


° The abbreviations F, H, V, OH and H-Fillets indicate welding positions (Figs. 1 and 2) as follows: 

I* 1 " h I O t \ __ 1 ^ V* I . I • < f a m . 


F = Flat 
H = Horizontal 
H-Fillets = Horizontal Fillets 


} — \ertical \For electrodes in. and under except in classifications 
OH — Overhead/ F.XX15 and JLXX\6, %2 in- and under. 


Axis of Weld Horizontol 



Plotes Horizontol 

(a) Flat Groove Welds. 



( b ) Vertical Groove Welds. 


Axis of Weld Horizontol 



( c ) Overhead Groove Welds. 


Fig 1.—Positions of Test Plates for Welding Guided-Bend Test Specimens. 


4 



(a) Horizontal Fillet Welds. 


(6) Vertical Fillet Welds 


( c) Overhead Fillet Welds. 


Fig. 2. —Positions of Test Plates for Welding Fillet-Weld Test Specimens- 


of weld metal and of fusion zone and weld 
contour, shall be performed at the place 
of manufacture of the electrodes, for the 
purpose of classification, when and as 
prescribed by the electrode manufac¬ 
turer. For electrodes of the E70 series 
of classification the guided-bend test is 


prescribed in addition to the foregoing 
tests. 

( b ) At the option and expense of 
the purchaser any or all of the fore¬ 
going tests may be used as a basis for 
acceptance of electrodes. The guided- 
bend test, or fillet-weld test, or both. 
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TABLE II.—SUMMARY OF TESTS REQUIRED.' 1 


Classifica¬ 

tion 

Xumber 


Electrode 


E7010 


Diameter, in. 


he to H incl 
Mi and - • 

*6. 

x . 


Current and Polarity 


All-Weld 

Metal Tension 
Test 6 


E7011 


X to H incl 

M and Mi.. . 


he to hs incl 
Mi and 3 w . 


d.c., reversed polarity] not required 
(electrode positive) F 

not required 
F 
F 

a.c. and d.c. reversed)] not required 
polarity (electrode F 

positive) y not required 

F 

J F 


E7013 


E7015 


E7016 


E7020 


E7025 


E7026 


E7030 


F.8010 \ 

E 9010 y 

E10010J 


E8011 
E9011 
ElOOll 


E8013 

E9013 

E10013 


E8015 

E9015 

E10015 


-'le to y% incl. 

. 

he. 

7 /6 . 

V x . 

he. 


a.c. and d.c., straight! not required 
polarity (electrode, F 

1 negative) not required 

F 

l J F 

d.c., reversed polaritv not required 
telectrode positive) F 

j i F 

I not required 

I F 

J F 


he to y incl.. 

Mi . 


a.c. and d.c., reversed 
polarity (electrode 
positive) 


he to y n incl 
M and he • . 


he- 


he to Vh incl 
M and he • 


d.c., straight polarity) 
t elect rode negative),) 
and a.c. lor horizontal 
til let w elds; d.c., both 
polarities, and a.c. lor 
ilat-position welding J 


d.c., reversed polarity) 
(electrode positive) 


he to K incl.. 
he and 3^ 


a.c. and d.c., reverse*!) 

polarity (electrode i 
{ positive) y 


J-le to H incl.. 
Mi and he • • 
‘Mi . 

x . 

he. 


d.c., both 
and a.c. 


polarities. 


he to ]/% incl.. 
h a and he. 

he . 


(d.c., reversed polarity) 
(electrode positive) 


he to Y% incl 
Ms and he • • 
‘Mi . 

hi. 

hi. 


a.c. and d.c., reversed] 
polarity (electrode I 
positive) ) 


he to H incl 
Mi and h* • • 


a.c. and d.c., straight 
polarity (electrode 
negative) 


he to H incl. 

Mi . 

he. 


d.c., reversed polarity 
(electrode positive) 


not required 
F 
F 

not required 
F 
F 

not required 
F 

not required 
F 
F 


not required 
F 

not required 
F 
F 

not required 
F 

not required 
F 
F 

not required 
F 

not required 
F 
F 

not required 
F 

not required 
F 
F 

not required 
F 

not required 
F 
F 

not required 
F 

not required 
F 
F 

not required 
F 
F 

not required 
F 
F 


Guided-Bend 

Tcst c 


not required 

V and OH 
not required 

F 

F 

not required 

V and OH 
not required 

F 

F 

not required 

V and OH 
not required 

F 

F 

not required 

V and OH 

F 

not required 
F 
F 

not required 

V and OH 

F 

not required 
F 
F 

not required 

F 

not required 
F 
F 


Fillet-Weld 
Test** 


not required 
F 

not required 
F 
F 

not required 
F 

not required 
F 
F 

not required 

F 

not required 
F 
F 

not required 
not required 
not required 
not required 
not required 

not required 
not required 
not required 
not required 
not required 

not required 
not required 
not required 
not required 
not required 

not required 
not required 
not required 
not required 
not required 
not required 


not 

required 

V 

and OH 

not 

required 


H 

not 

required 

not 

required 

V 

and OH 

not 

reejuired 


H 

not 

reejuired 

not 

required 

V 

and OH 

not 

reejuired 


H 

not 

reejuired 

not 

required 

V i 

and OH 


II 

not 

required 


II 

not 

required 

not 

required 

V and OH 


H 

not 

reejuired 


II 

not 

reejuireel 


not required 
II 

not required 
H 

not required 


not required 
H 

not required 
H 

not required 

not required 
H 

not required 
H 

not required 

not required 
not required 
not required 
not required 
not required 

not required 

V and OH 
not required 

H 

not required 

not required 

V and OH 
not reejuired 

H 

not required 

not required 

V and OH 
not required 

H 

not required 

not required 

V and OH 

H 

not required 

II 

not required 


Hydrogen 

Test* 5 


not required 
not required 
not required 
not required 
not required 

not required 
not required 
not required 
not required 
not required 

not required 
not required 
not required 
not required 
not required 


not required 
not required 
F 

not required 
not required 
not required 

not required 
not required 
F 

not required 
not required 
not required 

not required 
not required 
not reejuired 
not required 
not required 

not required 
F (he in. only) 
not required 
not required 
not required 

not required 
F (he in. only) 
not required 
not required 
not required 

not required 
not required 
not required 
not required 
not required 

not required 
not required 
not required 
not required 
not required 

not required 
not required 
not required 
not required 
not reejuired 

not required 
not required 
not required 
not required 
not required 

not required 
not required 
F 

not required 
not required 
not required 
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TABLE II.—SUMMARY OF TESTS REQUIRED —Continued 


Classifica¬ 

tion 

Number 

Electrode 

All-Weld 
Metal Tension 
Test 6 

Guided-Bend 

Test c 

Fillet-Weld 

Test* 

Hydrogen 

Test* 

Diameter, in. 

Current and Polarity 



14 to Y incl. 


a.c. and d.c., reversed 

not required 

not required 

not required 

not required 

E8016 1 


. 


polarity (electrode 

F 

not required 

V and OH 

not required 

FQ01 


^16 . 


positive) 

F 

not required 

H 

F 

j-j 7 kj i u 

E10016 

• • • 

7 /4 . 



not required 

not required 

not required 

not required 



V* . 



F 

not required 

H 

not required 



%. 


* 

F 

not required 

not required 

not required 



14 to H incl. 


d.c., straight polarity 

not required 

not required 

not required 

not required 

E8020 ' 


34 and $4.. 


(electrode negative), 

F 

not required 

H 

not required 

E9020 

► 

• • • 

34. 


and a.c. for horizontal 

not required 

not required 

not required 

not required 

E10020, 


w. 

4 

fillet welds: d.c.. both 

F 

not required 

H 

not reauired 



*4. 


polarities, and a.c. for 

F 

not required 

not required 

not required 





flat-position welding 







14 to Y incl. 


d.c., reversed polarity 

not required 

not required 

not required 

not required 

E8025 ' 


54 and 34. 


(electrode positive) 

F 

not required 

H . 

F(54 in. only) 

E9025 

► 1 

• • • 

34. 

1 


not required 

not required 

not required 

not required 

E10025. 


Y\ . 



F 

not required 

H 

not required 



54. 



F 

not required 

not required 

not required 



14 to Y incl. 


a.c. and d.c., reversed 

not required 

not required 

not required 

not required 

E8026 ' 


5« and 34. 


polarity (electrode 

F 

not required 

H 

F(34 >n- only) 

E9026 

► < 

• • • 

14. 


positive) 

not required 

not required 

not required 

not required 

E10026. 


Y . 



F 

not required 

H • , 

not required 



54. 


i 

F 

not required 

not required 

not required 



14 to Y incl. 


d.c., both polarities. 

not required 

not required 

not required 

not required 

E8030 

I 

34 and 34. 


and a.c. 

F 

not required 

not required 

not required 

E9030 

> . . . - 

7 ' 

✓32.. 

4 


not required 

not required 

not required 

not required 

E10030J 

Vx . 



F 

not required 

not required 

not required 


* t 

l 

54. 


, < 

F 

not required 

not required 

not required 


a For electrodes smaller than 34 in. and for the v4-in. size, the specified tests would require detailed modifications; 
such sizes may be judged from the results of tests on the 34* and ) 4 -in. sizes, respectively. 
b See Sections 7 and 19. 
c See Sections 7 and 20. 

* See Sections 7 and 21. 

* See Sections 7 and 22. 


are usually sufficient to determine 
acceptability. 

Method of Test 

6 . Test specimens shall be prepared in 
kind and in number as specified in Table 
II and tests shall be conducted in ac¬ 
cordance with Sections 17 to 22 of these 
specifications. 

Test Requirements 

7. In order to be classified under these 
specifications an electrode shall be capa¬ 
ble of yielding the following results: 

(a) The all-weld-metal tension test 
specimens after stress relieving shall 
conform to the requirements prescribed 
in Table III. 

/ ( b ) Guided-bend test specimens, after 
bending, shall show no crack or other 
open defect exceeding | in. measured in 
any direction. Cracks occurring on cor¬ 


ners of a specimen during testing shall 
not be considered. 

(c) The fillet-weld test specimen shall 
upon examination be free from cracks or 
other open defects affecting its strength. 
Upon examination of the face that has 
been polished and etched as prescribed, 
it is required that 

(1) Each fillet weld shall have pene¬ 
trated to or beyond the junction of 
the plate edges, 

(2) Both legs of each fillet weld shall 
be of equal length within yg- in., 

(3) The convexity (of convex fillet 
welds) shall be not more than gr 
in. for a J-in. fillet weld, plus in. 
additional for each additional g in - 
of fillet weld size (See Fig. 10). 

(4) The welds and the base metal shall 

be free from cracks, and 

(5) The weld shall be reasonably free 

from undercutting, overlap, trap- 

ped slag and porosity. 
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(. d ) The amount of gas collected in the 
determination for hydrogen as specified 
in Section 22, shall not exceed an average 
of 0.1 cu. cm. per gram of deposited metal 
for the four specimens tested. 

Retests 

8. If any specimen fails, one addi¬ 
tional test assembly shall be welded and 


TABLE III.—MINIMUM TENSILE STRENGTH AND 
DUCTILITY REQUIREMENTS FOR STRESS-RE¬ 
LIEVED ALL-WELD-METAL TENSION TEST 
SPECIMEN . 0 


Electrode 

Classification 

Number 

Tensile 
Strength, 
min., psi. 

Yield Point, 
min., psi. 

Elongation 
in 2 in., 
min., per 
cent 

E7010. 

70 000 

: 57 000 

22 

E7011. 

70 000 

57 000 

22 

E7013. 

70 000 

57 000 

18 

E7015. 

70 000 

57 000 

22 

E7016. 

70 000 

57 000 

22 

E7020. 

70 000 

57 000 

25 

E7025. 

70 000 

57 000 

25 

E7026. 

70 000 

57 000 

25 

E7030. 

70 000 

57 000 

25 

E8010. 

80 000 

67 000 

19 

E8011. 

80 000 

67 000 

19 

E8013. 

80 000 

67 000 

16 

E8015 . 

80 000 

67 0O0 

19 

£8016. 

80 000 

67 000 

19 

E8020. 

80 000 

67 000 

22 

K8025. 

80 000 

67 000 

22 

E8026. 

80 000 

67 000 

22 

ES030. 

80 000 

67 000 

22 

E9010. 

90 000 

77 000 

! 17 

E90U. 

90 000 

77 000 

17 

E9013 

90 000 

77 000 

14 

E9015. 

90 000 

77 000 

17 

E9016. 

90 000 

77 000 

17 

E9020. 

90 000 

77 000 

20 

E9025 . 

90 000 

77 000 

20 

E9026 

90 000 

77 000 

20 

E9030. 

90 000 

77 000 

20 

E 10010 . . 

100 000 

87 000 

16 

ElOOll 

100 000 

87 000 

16 

E10013. 

100 000 

87 000 

13 

El 0015 

100 000 

87 000 

16 

E10016 

100 000 

87 000 

16 

El 0020 

100 (K)0 

87 000 

18 

E10025 

100 000 

87 000 

18 

E10026 

100 000 

87 000 

18 

El 0030 

.* 

100 000 

8 7 000 j 

18 


° See Table II for sizes to be tested. 


tested in accordance with the require¬ 
ments of Section 7. 

Insulation 

9. The coverings shall have sufficient 
electrical resistance to effectively insulate 
against a difference of potential of 100 v., 
60 cycles a.c. 

Note.—T his does not apply to coiled.wire 
which is to be used for machine welding. 


Core Wire and Coverings 

10. (a) The diameter of the core wire 
shall not vary more than plus or minus 
0.(X)2 in. from the standard size specified. 
The length shall not vary more than 
plus or minus \ in. from that specified. 

(b) The covering on covered elec¬ 
trodes of all sizes shall be concentric to 
the extent that the maximum core- 
plus-one-covering dimension shall not 
exceed the minimum core-plus-one-cover¬ 
ing dimension by more than 3 per cent. 
The concentricity shall lie measured by 
any suitable means. 

( c ) Core wire and coverings shall be 
free of defects which would interfere with 
uniform performance of the electrodes. 

Exposed Core 

11. (</) Covered electrodes for manual 
welding shall be bare or free from 
covering for a distance of about £ in., 
but not more than lj in., for making 
contact with the holder. 

(/;) The arc end of each electrode shall 
be sufficiently bare to permit easy strik¬ 
ing of the arc. The distance from the 
arc end to the first point where the full 
cross-section of the covering prevails 
shall not exceed the diameter of the core 
wire. However, for electrodes larger 
than \ in. the core wire shall not be ex¬ 
posed around more than one-half the 
circumference at a distance of in. or 
more from the arc end. 

Standard Sizes and Lengths 

12. Standard sizes and lengths of 
electrodes are as shown in the following 
table. In all cases, standard size refers 
to the diameter of the core wire. 


Standard Sizes 

Diameter of Core 

Standard 
Lengths, in. 

Wire in. 

Jg. 

. 0 or 1 

m and 3 3 * . 

. 12 or 18 b 

i and 32 • .... 

. 14 

A . 

. 14 or 18 

r-i, i, A and f . 

. 18 


° Electrodes may also be provided in coils or reels. 
b In the case of 18-in. lengths of * 4 , and l£-in. elec- 
trodes. center gripping of the electrodes is standard. In 
all other cases, end gripping is standard. 
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Packaging 

13. Electrodes shall be packaged as 
follows: 

(a) Bundles or boxes, not exceeding 
50 lb. net weight, or 

(b) Coils or reels, not exceeding ap¬ 
proximately 200 lb. net weight. 

Marking 

14. All bundles, boxes, coils, or reels 
shall be legibly marked with the follow¬ 
ing information: 

(u) Classification, 


that the electrodes in all sizes and classifi¬ 
cations conform to these specifications 
and each container shall be so marked. 
The manufacturer’s responsibility shall 
be limited to replacement of any elec¬ 
trodes which do not conform to the 
requirements of these specifications. 

Part II.—Details of Tests 
Required Tests 

17. The tests specified in Sections 5, 6 
and 7 shall be conducted in accordance 
with the requirements of Table II for 


Type of Layers for Testing 
Electrodes 

Electrode Size, in. 

Test Plate Thickness, 

T, in. 

Backing, B, in. 


%. 

Xt . 

X .•. 

X . 

X 

X 

1 

ix 

1 

X 

X 

1 3 

Edges of plate to be clad with deposited 
metal before depositing layers in 
groove, as shown. 

Each layer or pass not to exceed H in 
in thickness. 



Used if Desiredj Dimensions Shown 
Are For Threaded Ends. 



Tension Test Specimen Test Plate Showing Location of Test Specimen 

Fig. 3.— Requirements for Preparation of All-Weld-Metal Tension Test Specimens. 


( b ) Manufacturer’s name and trade 
designation, 

(c) Size and net weight, and 
(</) Guarantee. 

Color Markings for Electrode Identifica¬ 
tion 

15. All electrodes shall be color marked 
in accordance with the current “Standard 
for Color Markings for Electrode Identi¬ 
fication” of the National Electrical 
Manufacturers Association. 

Guarantee 

16. The manufacturer shall guarantee 


each size and classification of electrodes 
using the positions of welding and types 
of current shown; all of the details of 
testing shall conform to the requirements 

of this Part II. 

Material for Test Plates 

18. Steel to be used for test plates shall 
conform to one of the following specifi¬ 
cations of the American Society or 
Testing Materials: 

(a) Standard Specifications for Lo« T 
and Intermediate Tensile Strength ar 
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bon-Steel Plates of Flange and Firebox 
Qualities (Plates 2 in. and Under in 
Thickness) Grade C, (A.S.T.M. Designa¬ 
tion: A 285), 3 or 

( b ) Standard Specifications for Steel 
for Bridges and Buildings (A.S.T.M. 
Designation: A 7), 4 open-hearth or 
electric-furnace steel. 

All-Weld-Metal Tension Test 

19. (a) For electrodes ln - and 
larger a test plate as required by Table 
II shall be prepared as shown in Fig. 3. 
The sides of the welding groove and the 
top of the backing shall be clad with one 
layer of weld metal from an electrode of 
the same analysis as that being tested 
before depositing the first pass of the 
weld. The plate shall be insulated from 
the welding bench by \ hi. of asbestos 
during welding. After the joint has 
been Licked, the assembly shall be heated 
in boiling water for approximately 5 min. 
prior to welding. The work shall be 
done in the Hat position and in an 
ambient temperature of not less than 
60 F. Weaving shall be the full width 
of the groove except for the last layer 
which shall be deposited in two passes. 

(b) In testing electrodes of the E70 
series of classifications, after depositing 
each pass, the assembly shall be left on 

the asbestos to cool in still air for a 

• • 

minimum of 5 min. and then immersed 
m boiling water for approximately 5 min. 
Each subsequent pass shall be deposited 
immediately after removal from boiling 
water. After the last pass, the assembly 
shall be removed from boiling water after 
the5-min. period. 

(c) In testing electrodes of the E80, 
E90 and E100 series of classifications, 
after depositing each pass, the assembly 
shall be left on the asbestos to cool in 
still air to a temperature below 212 F. 
before immersing it in boiling water for 5 

u * Supplement to Book of A.S.T.M. Standards, 
1 art I-A. 

* 1946Book of A.S.T.M. Standards, Part 1-A. 


min. Each subsequent pass shall be de¬ 
posited immediately after removal from 
boiling water. After the last pass, the 
assembly shall be removed from the boil¬ 
ing water after the 5-min. period. 

Note.— This immersion should not quench 
the assembly—the boiling water is intended 
simply as a preheat. 

(d) If it is necessary to interrupt the 
pass sequence prescribed in Paragraphs 
( b) and (c) the assembly shall be removed 
from the boiling water after a 5-min. pe- 




I Min x 

Approximately 10"-— 


x 

O 

a. 

Ql 

< 




Discord 


This Piece 

Root-Bend 


Specimen 

Face-Bend 


Specimen 

Discord 


This Piece 


Dire chon of Rollmg 


I" Min. 



-K 


y 1 ^ 

,\ Weld to be Mode with Three Layers Minimum 


folao 


^ 60 



fO CD 




Reinforcement 

4 - Mox 


Nominal Core 
Wire Diameter 
For All Electrodes 
Except E60I2, 

E 6013, E 6015, 8 
E60I6 For Which 
Use i/ 4 in. 


Fig. 4.—Test Joint for Guided-Bend Test. 


riod and allowed to cool in still air at 
room temperature. When ready to re¬ 
sume work, the assembly shall be pre¬ 
heated in boiling water for a period of 5 
min. 

(e) Specimens shall be stress relieved 
at a temperature of 1150 d= 25 F. for 1 hr. 
per in. of thickness. The temperature of 
the specimens shall be raised, in a suitable 
furnace, at the rate of 300 to 350 F. per 
hr. until a temperature of 1150 ± 25 F. 
has been attained. .After this tempera¬ 
ture has been reached, it shall be main¬ 
tained for 1 hr. for each inch of the 
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maximum thickness of the section, or 
fraction thereof. The specimens shall 
be cooled at the same rate specified for 


These Ec/ges moy be Home Cut 
and moy or moy not be Machined 


, r v 

1 

1 

1 

1 

_i_ 

_ 






7 l 

- 10 " A f. 

oprox. - J 


s I 


w 


fnrn 



Note.— Weld reinforcement and backing strip shall be 
removed flush with the surface of the specimen. Machin¬ 
ing or grinding shall be done lengthwise on the specimen. 
The surface of the specimen to be tested shall be finely 
machined or ground. 

tic. 5.—Face- and Root-Bend Test Specimens. 


classifications only. When a classifica¬ 
tion of electrode permits its use with 
more than one type of current (or polar¬ 
ity), it shall be tested using each type of 
current (and polarity). The required 
test plates shall be so restrained or preset 
that warping due to welding will not 


’ro|<D 


--10" Approx.-► 

i i/ i 

Note. —Specimens shall be sawed or machined from 
test joint. Weld reinforcement and backing strip shall be 
removed flush with the surface of the specimen. Machin¬ 
ing or grinding shall be done lengthwise on the specimen. 
The surface of the specimen to be tested shall be finely 
machined or ground. 



X 

o 

CL 

CL 

< 


Direction of Rolling 


I" Min 


Discard 


This Piece 

Side-Bend 

■ 1 

Specimen 

Side-Bend 

m _ 

Specimen 

Discard 


This Piece 


Approximately 10- 


I" Mm 



Z 



Reinforcement 

I •• 

■§■ Max. 


... T~ 


i-1 1 




± Mm. 

4 

■'* 

• M 

in.*- 


Fig. 7.—Side-Bend Specimen. 

# 

Hardened Rollers l^’diom. 
Tapped Hole to Suit may be Substituted for 

Testing Machine j Jig Shoulders j 

->j As Required u -- 

i—’* 


^CQ 

f 


£ 



r 

;_ 

_J 


L_T_ 

LS-i 



\ Shoulders Hordened K 
\ and Greased i \ 


—As Required-j —°j 

f—h 


/ 


*-2"- 



Die 

Member 



-117 „ 

- I 

I , 

= 1 ^ /4 

Plunger 7^* T 
Member —J- "j jfrod- 

v / A 


C _ yr[ _J 

- - - - 


II 


-q or Outside Diameter Fig. 8Guided-Bend Test Jig. 
of Covering, Whichever 
Is Greater. 


Fig. 6.— Test Joint for Side-Bend Test. 

heating and may be removed from the 
furnace when the temperature of the 
plates has reached 600 F. 

(J) One all-weld-metal tension test 
specimen shall be machined after re¬ 
moval from finished test assembly as 
shown in Fig. 3. 

Guided-Bend Test 

20. ( a ) The guided-bend test shall be 
required for electrodes of the E70 series of 


cause the finished test plate to be out of 
line by more than 5 deg. 

( b ) For electrodes ^ and A b. w 
diameter a test joint conforming to the 
requirements of Fig. 4 shall be prepare 
in the welding positions and using the 
types of current (and polarity if d.c.l 
shown in Table II. The first pass shall 
be started with the test assembty at a 
temperature between 60 and 100 F. 
stress-relieving shall be performed on tne 
test assembly nor on the specimens re- 
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moved therefrom. From each com¬ 
pleted test assembly one face-bend and 
one root-bend specimen shall be re¬ 


moved as shown in Fig. 4 and prepared 
for testing as shown in Fig. 5. 

(c) For electrodes y and y 5 ^ in. in diam- 


TABLE IV—REQUIREMENTS FOR PREPARATION OF FILLET-WELD TEST ASSEMBLIES. 


Electrode 

Classification 

Number 

Diameter, in. 

Plate Size, in" 

Position of 

Size of 

Thickness, 

T 

Width, 1 
,r 

Length, 

L 

Welding 

Fillet, in. 

E7010 

E7011 

E8010 

E8011 

1 

He to Vs incl. 

% . 

*16. 

. 

. 

not required .... 

H 

H 

not required 

H 

not required ... 

3 

3 

12 

18 

V and OH 

V and OH 

*y max. 
l /i max. 

E9010 
E9011 
E10010 
F, 10011 


3 

18 

II 

• • • 

y min. 


%. . 

• • • 

• • • 


• • • 



to V4 incl. 

not required. 

• • • 



• 9 0 

E7013 
E8013 
E9013 | 
E10013. 


•'■*5 . 

H 

! v* 

not reejuired 

H , 

not required. 

3 

12 

V and OH : 

y max. 


.. 

•V. . 

3 

18 

V and OH 

He max. 


'10 • .... 

7 / 



( 

/12 . 

K. 

! He. 

• • • 

3 

# • • 

18 

• • • 

H 

Hi min. 

• • • 

E7015 1 

E7016 

E8015 

E8016 

E9015 

E9016 

K10015 
E10016 


l <6 to incl. 

.'jj . ••••••••.. • • 

He . 

not required. 

$ 

• • • 

3 

3 

• • • 

12 

18 

V and OH 

II 

• • • 

\i max. 

He min. 

, 

. 

y . 

y* .I 

not required. 

! H 

not required. 

1 

3 ’ 

• • • 

18 

• • • 

H 

• • • 

• • • 

He min. 

• • • 

E7020 
E7025 
E7026 
E8020 
ES025 
E8026 
E9020 
E9025 
FI9026 
E 10020 
El 0025 
E10026 


He to H incl. 

Hi. 

H« . 

16 . 

not required. ... I 

H 

y* , 

i not required. . . . 

... 

3 

3 

• 4 • 

18 

18 * 

f 

H 

1 II 

• • • 

Hi min. 

His min 

. . . 


y . 

%> . 

J '2 

not required. 

3 

• • • 

18 

II 

• • • 

Hi min. 

• • • 

E7030 

F.8030 

l. 

not required. 

• • • 

• • • 

i 

• • • 

• • • 

• • • 

ivyuju i 

E10030) 







* See Fig. 9. 



Note.—S ee Tabic IV for values of T , H', and L. 

Fig. 9. —Preparation of Fillet-Weld Test 

Specimen. 


eter, a test joint conforming to the 
requirements of Fig. 6 shall be prepared 
in the flat position using the types of 
current (and polarity if d.c.) shown in 
Table II. The First pass shall be 
started with the test assembly at a tem¬ 
perature between 60 and 100 F. No 
stress-relieving shall be performed on the 
test assembly nor on the specimens re¬ 
moved therefrom. From each com¬ 
pleted test assembly two side-bend 
specimens shall be removed as shown in 
Fig. 6 and prepared for testing as shown 
in Fig. 7. 
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(d) Each of the face-, root- and side- 
bend specimens shall be bent in a jig 
having the working contour shown in 
Fig. 8, and otherwise substantially in 
accordance with Fig. 8. Any convenient 
means may be used for moving the 
plunger member with relation to the die 
member. The specimen shall be placed 
on the die member with the weld at mid¬ 
span. Face-bend specimens shall be 
placed with the face of the weld directed 


Convexity 



Concave Fillet 


Noth. Size of fillet weld = Lee length of largest in¬ 
scribed isosceles right triangle. Fillet weld size, convexity 
and leg lengths of fillet welds shall be determined by actual 
measurement (to nearest !^i in. on a section laid out with 
scribed lines as shown. 

Fig. 10.—Dimensions of Fillet Welds. 

toward the gap; root-bend specimens 
shall be placed with the root of the weld 
directed toward the gap; side-bend 
specimens shall be placed with that side 
showing the greater defects, if any, 
directed toward the gap. The two 
members of the jig shall be forced to¬ 
gether until the specimen conforms to a 
U-shape, and until a wire in. in diam¬ 
eter cannot be placed between the 
specimen and any point on the curvature 
of the plunger member of the jig. The 
specimen shall then be removed from 
the jig, and the convex surface examined. 


Fillet-Weld Test 

21. ( a ) When a classification of elec¬ 
trode permits its use with more than one 
type of current (or polarity), it shall be 
tested using each type of current (and 
polarity). 

(b) A fillet-welded tee-joint assembly 
as shown in Fig. 9 shall be prepared. 
The dimensions of the test plates, posi¬ 
tions of welding, and sizes of fillet shall 
be as prescribed in Table IV for the 
particular size and classification of the 
electrode being tested. 

( c ) In preparing the two plates form¬ 
ing the test assembly, the standing mem¬ 
ber shall have one edge machined 
throughout its length so that when it is 
set upon the base plate, which shall be 
straight and smooth, there will be 
intimate contact with the entire length 
of the joint. 

(d) A single-pass fillet weld shall be 
deposited on one side of the joint using 
the types of current (and polarity if d.c.) 
prescribed in Table II. When welding 
in the vertical position is specified, the 
progression shall be upward. The first 
electrode used shall be consumed for its 
full length except for a stub end of not 
more than 2 in. Additional electrodes, 
if necessary, shall then be used to com¬ 
plete the weld for the full length of the 
joint, consuming each electrode com¬ 
pletely as stated above—insofar as per¬ 
mitted by the length of the assembly. 

( e ) After completing the weld on the 
first side of the joint, the assembly shall 
be cooled to room temperature (but not 
less than 60 F.) by any convenient means 
(Note) before commencing to weld on 
the second side. 

Note. —If water is used as the coolant, care 
should be taken to ascertain that it has been 
thoroughly removed from the joint. 

(/) The fillet weld on the second side 
of the joint shall be deposited by the 
same procedure as was the first weld. 

( g ) At a point approximately 1 w. 
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back from the crater end of the deposit 
made with the first electrode on the first 
side of the joint the specimen shall be cut. 
Either face may be polished and etched 
to permit examination. 

(k) The polished and etched face shall 
be scribed as shown in Fig. 10 and the size, 
the leg lengths and the convexity (of 
convex fillets) shall be determined to the 
nearest in. by actual measurement. 

Hydrogen Test 

22. ( a ) Four test specimens shall be 
prepared by depositing a single bead of 
weld metal on each of four plates meas¬ 
uring \ by 1 by approximately 5 in. in 
length using x\-in. diameter electrodes. 
The type of current (and polarity) given 
in Table II shall apply using a current 
of 170 to 200 amp. and an arc voltage of 
22 to 28 volts. The steel used for the 
test plates shall conform to one of those 
fisted in Section 18. Before welding, 
chc plates shall be thoroughly cleaned 
and weighed to the nearest 0.1 g. 

( b ) Not more than 1 in. of each elec¬ 
trode shall be burned off on a starting 
plate immediately prior to depositing 


weld metal on the test specimen. The 
weld bead shall be approximately \\ in. 
in length, and shall be made by consum¬ 
ing about 5 in. of electrode. 

( c ) Within 30 sec. of completion of 
welding of each specimen it shall be 
quenched in water at approximately 70 
F. Within 120 sec. of completion of 
welding, each specimen shall have been 
cooled, cleaned and placed in an ap¬ 
paratus suitable for collecting hydrogen 
by displacement of glycerine. All four 
specimens shall be welded and placed in 
the hydrogen collecting apparatus within 
30 min. 

( d) The specimens shall be kept im¬ 
mersed in the glycerine for a period of 48 
hr., the glycerine being maintained at a 
temperature of approximately 45 (\ 
(113 F.). 

( e ) The specimens, after removal from 
the glycerine, shall be washed, dried and 
weighed to the nearest 0.1 g., to deter¬ 
mine the amount of weld deposited. 
The amount of gas evolved shall be deter¬ 
mined in terms of cubic centimeters per 
gram of weld metal. 
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AMERICAN WELDING SOCIETY 
SPECIFICATION A5.6-48T 


F. 


iji cat ions fc 


COPPER AND COPPER-ALLOY METAL ARC-WELDING 

ELECTRODES 1 • 




A.S.T.M. Designation: B 225 -48T 

Issued, 1948.* 

These Tentative Specifications have been approved by the sponsoring commit¬ 
tee and accepted by the Cooperating Societies in accordance with established 
procedures, for use pending adoption as standard. Suggestions for revisions 
should be addressed to the Headquarters of the A.S.T.M., 1916 Race St., 
Philadelphia 3, Pa., or of the A.W.S., 33 W. 39th St., New York 18, N. Y. 


These specifications were prepared jointly by the American Welding Society and 

the American Society for Testing Materials. 


Scope 

1. These specifications cover metal 
arc-welding electrodes for welding copper 
and copper alloys. 

Part I. —Classification and Accept¬ 
ance 

Classification 

2. The electrodes are classified on the 
basis of mechanical properties and chem¬ 
ical analysis of the deposited weld metal 
as determined by the tests prescribed in 
these specifications. 

Manufacture 

3. The electrodes may be made by 
any method that will yield a product con¬ 
forming to the requirements of these 
specifications. 

1 Under the standardization procedure of the two Soci¬ 
eties, these specifications are under the jurisdiction of the 
A.W.S.-A.S.T.M. Joint Committee on Filler Metal. 

2 Accepted by the A.S.T.M. Administrative Committee 
on Standards, August 3, 1948; approved by the A.W.S. 
Board of Directors, June 23, 1948. 


Chemical Composition 

4. The weld metal deposited by an 
electrode in accordance with the pro¬ 
cedure prescribed in Section 18 shall 
conform to the chemical composition 
prescribed in Table I. 

Physical Tests 

5. (a) When and as prescribed by the 
electrode manufacturer, physical tests 
as follows shall be performed at the place 
of manufacture of the electrodes, for the 
purpose of classification: 

(1) An all-weld-metal tension test to 
determine the mechanical properties of 

the deposited metal, 

(2) A hardness test to determine the 

suitability of electrodes for producing 
surfaces of proper hardness, and 

(J) A guided-bend test to demon¬ 
strate the usability of an electrode as 
to the soundness of weld metal and 
fusion zone and proper weld contour. 
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( b ) At the option and expense of the 
purchaser any or all of the foregoing 
tests may be used as a basis for accept- 


specifications an electrode shall be capa¬ 
ble of yielding the following results: 

( 1) The mechanical properties of the 


TABLE I.—CHEMICAL REQUIREMENTS. 

Note —Analysis shall be made for the elements for which specific values are shown in this table If however the 
presence of other elements is indicated in the course of routine a-r.ilysis, further analysis shall be made to determine tliat 
the total of these other elements is not present in excess of the limits specified for total impurities in the last item in 

the table. __ __ 


I 


Electrode Classification 


Element, per cent 

E Cu 

E CuSn 
(Phosphor | 
Bronze) 

E CuNi 
(Cop¬ 

E CuSi* 
(Copper- 
Silicon) 


E CuAl 

(Aluminum Bronze) 



(Copper) 



per- 





_ 


A 

c 

Nickel) 

A 

B 

c 

D 

E 

Tin . 

not 

4.0 to 

7 .0 to 

• 

not 

0 

• 

0 

0 

• 

Silicon. 

specified 

not 

9.0 

• 

9.0 

• 

• 

specihed 
2.5 to 

0.55 

0.55 

0.55 

0.55 

0.55 


specified 

A 

A 

* 

3.75 

max. 

0 

max. 

. 

max. 

« 

max. 

0 

max. 

0 

Maneanese. 

not 

• 

• 


not 






Iron . 

specified 

• 

• 

• 

• 

speciiied 

not 

1.5 

3.0 

3.0 

3.0 

3.0 






specified 

max. 

to 

to 

to 

to 







5.0 

5.0 

5.0 

5.0 

Nickel. 

• 

• 

• 

29.0 

not 

0.5 

0.5 

0.5 

0.5 

0.5 




min. 

specified 

max. 

max. 

max. 

max. 

max. 

Aluminum. 

* 

• 

• 

# 

. 

7.5 to 

9.0 to 

10.0 to 

11.0 to 
12.0 

12.0 to 
13.0 







9.0 

10.0 

11.0 

Phosphorus... 

0.3 

1 0.3 

0.3 

• 

• 

• 

• 

• 

• 

. 


max. 

max. 

max. 





0.02 

0.02 

A 

0.02 

Lead. 

0.02 

0.02 

0.02 

0 . 02 * 

0.02 

0.02 

0.02 


max.* 

max.* 

max.* 


max.* 

max.* 

max. 

max.* 

max. 

max.* 

Conner. 

99.0 

re¬ 

re : 

67.0 

94.0 

re- 

• 

re- 

• 

re- 

• 

rc : 

re- 

• 


• h 
min. 

main¬ 

main- 

min. 

min. 

main- 

main- 

mam- 

main- 

main- 


der 

der 



der 

der 

der 

der 

dcr 

Total impurities ' 1 . 

0.2 

0.5 

! 0.5 

4.0 

0.5 

0.10 

0.10 

0.10 

0.10 

0.10 


max. 

i 

max. 

max. 

max. 

max. 

max. 

max. 

max. 

max. 

max. 


« Total impurities, including the elements marked with an asterisk (*), shall not exceed the value specified. 
b Including silver. 


TA BLI- 


II.—SUM MARY 


OF TEST REQUIREMENTS. 


Electrode Classification 

Chemical 

Analysis 

Hardness Test 

AU-Weld-Metal 
Tension Test 

Guidcd-Bend Test 

E Cu (copper). 

E CuSn (phosphor bronze). 

E CuNi (copper-nickel). 

E CuSi (copper-silicon). 

E CuAl (aluminum bronze). 

all sizes 

all sizes 

all sizes 

all sizes 

all sizes 

not required 

14 in. diameter and 
larger 

not required 

} 4 -in. diameter and 
larger 

14-in. diameter and 
larger 

14-in. diameter and 
larger 

14-in. diameter and 
larger 

14-in. diameter and 
larger 

14-»n. diameter ami 
larger 

} 4 -in. diameter and 
larger 

14-in. diameter and larger 

14-in. diameter and larger 

14-in. diameter and larger 

14-in. diameter and larger 

14-in. diameter and larger 
for E CuAl A and E Cu¬ 
Al B. Not required for 
other classifications. 


ance of electrodes. The guided-bend 
lest is usually sufficient to determine 
acceptability. 

Methods of Test 

6. Test specimens shall be prepared 
in kind and in number as specified in 
Sections 18 to 20 and Table II. 

Test Requirements 

7. In order to be classified under these 


all-weld-metal tension test specimens 
shall conform to the requirements pre¬ 
scribed in Table III, 

(2) The average hardness of the pad 
shall conform to the requirements pre¬ 
scribed in Table III, and 

(J) Guided-bend test specimens, after 
bending, shall show no crack or other 
open defect exceeding J in. measured in 
any direction. Cracks occurring on 
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corners of a specimen during testing shall 
not be considered. 

Retests 

8. Retests may be made in accordance 
with the following: 

( 1 ) If the all-weld-metal tension test 
sjxjcimen fails, two additional test as¬ 
semblies shall be prepared and both 
specimens shall conform to the require¬ 
ments as to tensile properties prescribed 
in Table III. 

(2) If the average hardness does not 
fall within the range specified in Table 
III, another pad shall be prepared and 
tested in accordance with the prescribed 
requirements. 


the minimum core-plus-one covering di¬ 
mension by more than 5 per cent. The 
concentricity shall be measured by any 
suitable means. 

(< c ) The coverings on electrodes shall 
be such that they are not readily dam¬ 
aged by ordinary handling. 

( d ) Core wire and coverings shall be 
free of defects which would interfere 
with uniform performance of the elec¬ 
trodes. 

(e) The slag produced shall be readily 
removable. 

Exposed Core 

10. (a) Covered electrodes shall be 
bare or free from covering for a distance 


TABLE III.—MECHANICAL REQUIREMENTS OF ALL-WELD-METAL SPECIMENS. 


Electrode Classification 


E Cu (copper). 

E CuSn (phosphor bronze): 
A. 

c.. v ... 

E CuNi (copper-nickel). 

E CuSi (copper-silicon). 

E CuAl (aluminum bronze): 
A. 


B 

C 

D 



Tensile 
Strength, 
min., psi. 

Yield Strength 
(0 5 per cent 
Extension 
Under Load), 
min., psi. 

# Elongation 
in 2 in., min., 
per cent 

Brinell Hardness Number 

25 000 

not specified 

20 

not specified 

40 000 

20 000 

15 

70 to 85 (500-kg. load) 

45 000 

25 000 

12 

85 to 100 (500-kg. load) 

45 000 

25 000 

25 

not specified 

40 000 

20 000 

20 

80 to 100 (500-kg. load) 

65 000 

30 000 

15 

130 to 160 (3000-kg. load) 

70 000 

35 000 

10 

160 to 210 (3000-kg. load) 

75 000 

40 000 

4 

210 to 260 (3000-kg. load) 

65 000 

45 000 

not specified 

260 to 310 (3000-kg. load) 

j 70 000 

50 000 

not specified 

310 to 365 (3000-kg. load) 


(J) if either guided-bend test speci¬ 
men fails, one additional test assembly 
shall be welded and both specimens re¬ 
moved from this assembly shall meet the 
prescribed requirements. 

Core Wire and Covering 

9. (a) The diameter of the core wire 
shall not vary more than plus or minus 
0.005 in. from the standard size specified. 
The length shall not vary more than plus 
or minus \ in. from that specified. 

( b ) The covering of all sizes of 
electrodes shall be concentric to the ex¬ 
tent that the maximum core-plus-one- 
covering dimension shall not exceed 


of about £ in. but not more than \\ in., 
for making contact with the holder. 

(b) The arc end of each electrode shall 
be sufficiently bare to permit easy 
striking of the arc. The distance from 
the arc end to the first point where the 
full cross-section of the covering prevails 
shall not exceed the diameter of the core 
wire. However, for electrodes larger 
than in., the core wire shall not be ex¬ 
posed around more than one-half the 
circumference at a distance of | in. or 
more from the arc end. 

Standard Sizes and Lengths 

11. Standard sizes and lengths of 
electrodes shall be as shown in the follow 
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ing table. In all cases, standard size 
refers to the diameter of the core wire. 

Diameter of Standard 

Core Wire, in. Lengths, in. 

. 9 or 12 

I, -h and A. 14 

\ and & . 18 

Note.—End-grip electrodes arc standard for all sizes; 
18-in. center-grip electrodes may also be used for all 
sizes. 

Packaging for Domestic Use 

12. Electrodes shall be suitably packed 
to insure against injury during shipment 
or storage in a weather-tight warehouse 
on dry floors or platforms. Standard 
packages shall be of 25 and 50 lb. net 
weight. 


and all of the details of testing shall con¬ 
form to the requirements of this Part II. 

(b) All welding shall be done in the 
flat position following the recommenda¬ 
tions of the manufacturer as to current, 
voltage and other factors not specified 
herein. 

(i c ) Mechanical tests shall be made on 
all sizes of electrodes | in. and larger. 
Chemical analyses shall be made on all 
sizes of electrodes. 

Material for Test Plates 

17. The base metal to be used for test 
plates shall conform to the specifications 

TABLE IV— BASE METAL FOR TEST PLATES. 


Marking 

13. All packages shall be legibly 
marked with the following information: 

(a) Classification, 

(b) Manufacturer’s name and trade 
designation, 

(c) Size, length and net weight, and 

(d) Guarantee. 

Color Markings for Electrode Identifica¬ 
tion 

14. All electrodes shall be color marked 
in accordance with the current “Stand¬ 
ard for Color Markings for Electrode 
Identification” of the National Electrical 
Manufacturers Association. 

Guarantee 

15. The manufacturer shall guarantee 
that the electrodes in all sizes and classifi¬ 
cations conform to these specifications 
and each container shall be so marked. 
The manufacturer’s responsibility shall 
be limited to replacement of any elec¬ 
trodes which do not conform to the 
requirements of these specifications. 


Specifications' 1 for 
Base Metal for Test 
Plates 


B 152, type B, an¬ 
nealed; or B 11, 
grade 2 , annealed 
B 103, grade A or C, 
annealed 

B 122, alloy Nos. 5 or 
6 , annealed; or B 171 
copper-nickel alloy 
B 96, type A, annealed 
B 169, alloy A or C, 
annealed 

a These designations refer to the following specifica¬ 
tions of the American Society for Testing Materials: 
Tentative Specifications for Copper Sheet, Strip and Plate 
(A.S.T.M. Designation: B 152),* 

Standard Specifications for Copper Plates for Locomotive 
Fireboxes (A.S.T.M. Designation: B 11), 4 
Standard Specifications for Phosphor Bronze Plate, Sheet 
and Strip (A.S.T.M. Designation: B 103 ), 4 
Tentative Specifications for Copper-Nickel Zinc and Cop¬ 
per-Nickel Alloy Plate, Sheet and Strip (A.S.T.M. 
Designation: B 122 ), 3 

Standard Specifications for Copjjer-Alloy Condenser Tube 
Plates (A.S.T.M. Designation: B 171). 3 
Standard Specifications for Copper-Silicon Alloy Plate 
ami Sheet for Pressure Vessels (A.S.T.M. Designation: 
B 96), 4 and 

Tentative Specifications for Aluminum Bronze Plate, 
Sheet and Strip* (A.S.T.M. Designation: B 169). 4 


Classification 


E Cu (copper). 

E CuSn (phosphor bronze). 

E CuNi (copper-nickel). 

E CuSi (copper-silicon). 

E CuAl (aluminum bronze).... 



of the American Society for Testing 
Materials as prescribed in Table IV for 
the classification under which the elec¬ 
trode is being tested. 

Chemical Analysis and Hardness Test 


Part II.— Details of Tests 

Required Tests 

1(). (a) The tests specified in Sections 
5, 6 and 7 shall be conducted in accord¬ 
ance with the requirements of Table II 


18. (u) To determine the chemical 
composition of the weld metal and the 
soundness and Brinell hardness of welded 


* 1948 Supplement to Book of A.S.T.M Stand¬ 
ards, Part I-B. 

4 1947 Supplement to Book of A.S.T.M Stand¬ 
ards, Part I-B. 
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overlays, pads shall be deposited as 
prescribed in Paragraphs (b) to («, 
inclusive. 

(b) Base plates shall be approximately 
3 by 5 by f in. Weld pads shall be buift 
up in layers to not less than 1 £ by 4 by £ 
in. in height but shall be not less than 
six layers. (Pads of 1J by 2\ by \ in. in 
minimum height may be used for those 
electrode sizes requiring chemical analy¬ 
sis only.) Each layer shall be made up 
of a series of overlapping lengthwise 
passes. After completion of each layer, 
the pad shall be cleaned of any slag and 
allowed to cool in still air at room tem¬ 
perature (60 F., min.) for about 1 min., 
and shall then be immersed in boiling 
water for about 1 min. After removal 
from the boiling water, the pad shall be 
allowed to dry thoroughly. Welding shall 
then be resumed as soon as practicable. 
The weld metal shall be deposited using 
the arc amperages and voltages recom¬ 
mended by the manufacturer for produc¬ 
tion welding under comparable condi¬ 
tions, except that the first three layers 
of each pad shall be deposited using the 
minimum applicable current values. 

(c) The top surface of the pad shall be 
machined smooth and clean, discarding 
the metal removed, after which the sur¬ 
face shall be visually examined and shall 
be free from injurious defects. The 
Brinell hardness of the weld metal, when 
required, shall be measured by making 
nine readings on the surface of the.pad, 
three on the center line parallel to the 
short dimension of the pad, and three on 
each end on lines parallel to the center 
line and approximately £ in. from each 
end. 

(d) For the chemical analysis 2-oz. 
samples of chips shall then be machined 
from the pad in such manner that no 
metal is removed within J in. of the 
base plate or from the first three layers. 

All-Weld-Metal Tension Test 

19. ( a ) Tension tests shall be made as 


prescribed in Paragraphs (b) to (</), using 
the types of current (and polarity, if d.c.) 
specified by the manufacturer for each 
electrode. 

(b) Plates shall be restrained during 
welding sufficiently to prevent warping 
in excess of 5 deg. A test plate which 
has warped more than 5 deg. shall be 
discarded. (Test plates may not be 
straightened.) 

( c ) Each test assembly shall be within 
the following temperature ranges before 
starting to weld each pass. If after any 
pass the maximum temperature specified 
below is exceeded, plates shall be allowed 
to cool in air to within these temperature 
ranges. (Do not cool in water.) 


Classification 

Preheat an 
Tempi 
deg. 

Minimum 

id Interpass 

irature, 

Fahr. 

Maximum 

E Cu. 

800 

1000 

E CuSn. 

350 

550 

E CuNi. 

60 

212 

E CuSi. 

60 

212 

E CuAl-A, B and C. 

250 

450 

E CuAl-D and E. 

900 j 

1200 


(d ) One all-weld-metal tension test 
specimen shall be machined from each 
finished test assembly as shown in Fig. 1, 
and shall conform to the requirements as 
to tensile properties prescribed in Table 
III. 

Guided-Bend Test 

20. (a) Electrodes in all classifica¬ 
tions, -^ 2 , x 3 g and J in. in diameter, shall 
be required to successfully meet the re¬ 
quirements of the guided-bend test as 
prescribed in Paragraphs {b) to (e) and 

Fig- 2. 

(b) Each test assembly shall be within 
the following temperature ranges before 
starting to weld each pass. If after an)' 
pass the maximum temperature specified 
below is exceeded, plates shall be allowed 


I 
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to cool in air to within these temperature 
ranges. (Do not cool in water.) 



Preheat and Interpass 


Temperatures, 

Classification 

deg 

Fahr. 

l 

| 

- \ 

Minimum 

Maximum 

E Cu. 

800 

1000 

E CuSn. 

350 

550 

212 

E CuNi. 

60 

E CuSi. 

60 

212 

E CuAl-A, B and C. 

250 

450 

E CuAl-D and E. 

900 

1200 


heated to a temperature of 800 to 850 F. 
and maintained at that temperature for 
J hr. and then cooled in still air to room 
temperature (60 F.). Test assemblies 
for all other classifications shall not be 
given any postheat treatment. 

(d) One face-bend and one root-bend 
specimen shall be machined from the test 
assembly as shown in Fig. 3. These 
specimens conform to Specimens E-l and 
F-l of the American Welding Society's 


I h c 


H 


— I •<r 


E 

± 


I 


E 

T 


G B 


H 


_!_1_ 


/ 


\ 


Shouldered or Square Ends 
May be Used if Desired, 
Dimensions C,D,and E are 
For Threaded Ends 


90° 


♦ 

I 

i 

t \ 






K L, 

l_ 


u 



- -—-ir •• 


1 


c •• 


0 

m 

J 


5 

’ ^ 


1 —1“—j 




Electrode Size, in. 

Test Plate 
Thick¬ 
ness, in. 

— 

Diameter of 
Tension 'l est 
Specimen, in. 

Dimensions of Test Plate and Tension Test Specimen, in. 


/ 

# 

A 

B 

1 _ 

C \ D E \ F \ G \ B \ J \ R 

H . 


0.2S2 ± 0.005 
0.51X1 ± 0.010 

1 

2 

Y* H W \\i 3 W Ua 

% | 4H 1 H 1 X j 2H | S H J X 

‘a u> H, incl.. 

iv « _ 


I’ig. 1.—Requirements for Preparation of All-Weld-Metal Tension Test Specimens. 


(c) After completion of the welding, Standard Methods for Mechanical Test- 
test assemblies made with electrodes ing of Welds. 

of tiie E CuSn classifications shall be (e) Each specimen shall be bent in a 
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jig having the working contour shown 
in Fig. 4 and otherwise substantially in 
accordance with Fig. 4. Any convenient 
means may be used for moving the 


of the weld directed toward the gap. 
The two members of the jig shall be 
forced together until the specimen con¬ 
forms to a U-shape, and until a wire ^ 



Fig. 2. —Test Joint for Guided-Bend Test. 


These EdgesMayor 
May Not be Machined 



Rad = — Max 
v 16 


—ICO 



± 

rO I CO 


*-IO"Approx.- 4 


Note—W eld reinforcement shall be removed flush 
with the base metal; undercut shall not be removed. All 
machining shall be done transverse to the weld. 

Tension corners of bend specimens shall be broken 
slightly with a file. 

All specimens shall be plainly marked on both ends. 

Fig. 3. —Face- and Root-Bend Test Specimens. 


Topped Hole to Suit 
Testing Machine ] 

As Required | +-J 


Hordened Rollers l^'diom. 
may be Substituted for 
Jig Shoulders j 

k- As Required-j -—H 

i _ + « — 




{_ 


\ Shoulders Hardened^ 

\ and Greased i n 


rfr#! 




Plunger Y 
Member— 4- ^ 


■ * I 4 


k-2^3 


Die 


r 


J j.: _/ 

0 Member 



<o 


a I 14 ra ° 


H 

7? 
9"— 


-J 


Fig. 4. —Guided-Bend Test Jig. 


plunger member with relation to the die 
member. The specimen shall be placed 
on the die member of the jig with the 
weld at mid-span. Face-bend speci¬ 
mens shall be placed with the face of the 
weld directed toward the gap; root-bend 
specimens shall be placed with the root 


in. in diameter cannot be placed between 
the specimen and any point on the 
curvature of the plunger member of the 
jig. The specimen shall then be re¬ 
moved from the jig, and the convex 

surface examined. 








CHAPTER 62 


GENERAL ENGINEERING TABLES* 


INTRODUCTION 

A handbook can never have too many 
tables. In preparing the Third Edition of 
the Welding Handbook every effort has 
been made to provide tabular infor¬ 
mation in the respective chapters on the 
welding processes and their use for dif¬ 
ferent metals and in different applications. 

In this chapter there has been included 
a compilation of tables of a more general 
engineering nature, intended to provide 
the need for related data, such as tem¬ 
perature conversion, material thicknesses, 
hardness, etc., in the welding shop and 
office. The tables have been selected to 
be most useful and to help in providing 
data most needed. Information not pro¬ 
vided will be found in basic engineering 
handbooks. While there is no general 
sequence for the tables in this chapter, 
it will be found that related subjects have 
been grouped together. 

NOTES 

Table 1 

i 

I lie chart shown as Table 1 not only 
lists the melting points of various alloys 
and metals but also serves as a convenient 
means for conversion between Centigrade 
and Fahrenheit temperature scales. In 
addition, at the far right of the scale are 
shown the color designations that are com¬ 
monly used in judging the temperatures 
of hot metal by color. 

Melting Points .—This chart should 
prove useful to all welding personnel for 
it contains basic information on working 
with metals at elevated temperatures. 
Reference to the chart, for instance, shows 
why aluminum and aluminum alloys, be¬ 
cause of their low melting points, give 


../ Prepared .by T. B. Jefferson, Editor. The 

IVelding Engineer. 


little or no indication by change in color 
when they approach welding heat. On th? 
other hand, the high melting point of 
wrought iron explains why considerably 
more heat is required to weld this metal 
than is required for cast iron, for instance. 

Temperature Color Scale .—Another use 
for the chart is in estimating the tempera¬ 
ture by color. For instance, instructions 
may require that the part be preheated 
to 1100°F. before welding. If you are 
without a thermocouple or other means 
for accurately measuring high tempera¬ 
tures, reference to the chart shows that 
the part, at 1100°F., would have a blood- 
red color. \\ ith a little experience, you 
can estimate this fairly closely by eye. In 
this connection, it should be mentioned 
that the color scale is for observations 
made in a fairly dark place and without 
welding goggles. As the light increases, 
the color groups on the scale will apply 
to higher temperatures. 

Conversion Data. —Finally, the chart is 
a ready means for converting Fahrenheit 
to Centigrade, and vice versa. Suppose 
you are familiar with the Fahrenheit scale, 
vet instructions call for the quenching of 
a welded part from 900°C. Reference to 
the chart shows this to be approximately 
1650°F. (see also Table 2). 

Table 2 

In using Table 2 for temperature con¬ 
version it is well to bear in mind two 
formulas which will come in handy if 
the accompanying tables are not at hand. 
To convert Fahrenheit to Centrigrade the 
formula is 

C.° — °/o (F.° - 32) 

= 7. (F.° 4- 40) -40 

To convert Centrigrade temperature to 
Fahrenheit the formula is 

F.° = % C.° + 32 = Vs (C.° + 40) -40 
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Table 4 

While the hardness conversion table 
(Table 4) is self-explanatory it might 
be well to recall a few of the basic facts 
connected with the determination of the 
hardness of a material. It is extremely 
important that conversions from Brinell 
to Rockwell or Vickers be limited to ma¬ 
terials that are of uniform hardness to a 
depth of at least ten times the depth of 
the indentation. It should also be re¬ 
membered that in the Brinell test the 
steel balls tend to flatten slightly more 
than carbide balls, resulting in larger in¬ 
dentation and lower Brinell number than 
shown by carbide balls. When taking 
hardness by means of a Shore Scleroscope, 
it should be remembered that readings 
are affected by variation in mass, form, 
surface composition and physical condi¬ 
tion of the different specimens under test. 

Table 6 

The unit of length of the metric system 
is the meter. The meter is 39.370147 in. 
in length. The meter is divided into centi¬ 
meters (0.01 meter) or millimeters (0.001 
meter). When the occasion arises mil¬ 
limeters may be converted into fractions 
of an inch or inches and fractions into 
millimeters by use of the accompanying 

Table 6. 

Table 7 

When determining the thickness or di¬ 
ameter of material given by gage number 
(Table 7), it should be remembered that 
U.S. Standard gage is used for iron and 
steel sheets. This gage, which was es¬ 
tablished by an act of Congress in 1893, 
has a gage number which is determined 
by the weight per square foot rather than 


the thickness of the material. Birming¬ 
ham or Stubs gage is used to determine 
the thickness of hot- and cold-rolled strips, 
round edge flat wire, spring steel, brass, 
copper, stainless steel, steel tubing and 
boiler tubes. Brown and Sharpe or 
American gage is used with copper, brass 
and phosphor bronze stock in sheets, bars 
and wire. U.S. Standard gage applies 
to round steel wire in black annealed, 
bright basic, galvanized, tinned and copper 
coated finishes. 

Several reference formulas are handy 
for determining the weight of steel stock. 
Based on a weight of 489.54 lb. per cu. 
ft. for steel it will be found that the weight 
in pounds per foot of any size round bar 
is 2 .67c! 2 ; any size octagonal bar, 2.8 2d 2 ; 
any size hexagonal bar, 2.94 d 2 ; any size 
flat or square bar, 3.40 wt, where d is 
the diameter or distance between opposite 
faces, w is the width and t is the thick¬ 
ness ; in all cases the dimensions are in 
inches. 

Table 12 

All matter is composed of one or a 
combination of two or more of the 96 ele¬ 
ments which make up the periodic table. 
About 20 of these 96 elements are used in 
the manufacture of carbon and alloy steels. 
Some are used because of the specific 
properties they impart to steel when al¬ 
loyed with it, others to rid the steel of 
impurities or to render impurities harm¬ 
less. 

Copper is particularly friendly to the 
other elements; it alloys with at least 
thirty of them. Seventeen elements are 
used in making commercial copper alloys. 
The 96 elements of the periodic table 
together with their chemical symbols are 
listed in Table 12. 
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TABLE 1 

TEMPERATURE DATA FOR METALS AND ALLOYS 


M. P. 
OEG. F. 


CHROMIUM -^ 

PURE IRON -^ 

STAINLESS-12% CR.—^ 

MILD STEEL -^ 

COBALT- 

NICKEL -' 

SILICON-/ 

STAINLESS 18 8-/ 

HARD STEEL-/ 

INCONEL METAL- 1 

MONEL METAL-/ 

MANGANESE - 

HAYNES STELLITE ALLOYS 

AMBRAC - 

COPPER- 

GOLD - 

RED BRASS - 

EVERDUR - 

SILVER- 

YELLOW BRASS- 

TOBIN BRONZE- 

MANGANESE BRONZE- 


ALUMINUM - 
MAGNESIUM 
ANTIMONY - 


ZINC 


3000 


2900 


2800 


2700 

2600 


2500 


2400 


2300 


2200 


2100 


2000 


1900 


1800 


1700 


1600 


1500 


1400 


1300 


1200 


1100 


1000 


900 


800 


700 


COLOR 

SCALE 


M. P. 

DEG. C. DEG. F. 

—i— 3000 


1600 


1500 


1400 


1300 


WHITE 


1200 


EIGHT YlllOW 


1100 


LEMON 


ORANGE 1000 


SALMON 

■ RIGHT RED 

CHERRY 

OR 

DUU RED 

MEDIUM CHERRY 

DARK CHERRY 
BIOOO RED 

FAINT RED 


900 


800 


700 


600 


500 


400 


2900 


2800 


2700 


2600 


2500 


2400 


2300 


2200 


2100 


2000 


1900 


1800 


1700 


1600 


1500 


1400 


1300 


1200 


1100 


1000 


900 


800 


700 


WROUGHT IRON 


NICKEL ALLOYS 


CHROMIUM. 

NICKEL. 

CHROMIUM- 
NICKEL STEELS 
AND IRONS 


CAST IRONS 

CHROMIUM- 
NICKEL- 
CAST IRONS 


BRASSES 


BRONZES 


ALUMINUM 
I_ ALLOYS 

MAGNESIUM 

ALLOYS 


TIN ALLOYS 


LEAD 


BABBITT 
TIN- 


600 


500 


400 


300 


200 


600 


500 


400 


300 


300 


LEAD ALLOYS 


200 


100 


200 


100 


COLOR SCALE 0 


100 
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TABLE 2 


-459.4 toO 



273 

268 

262 

257 

251 

246 

240 

234 

229 

223 

218 

212 

207 

201 

196 

190 

184 

179 

173 

169 

168 

162 

157 

151 

146 

140 

134 

129 

123 

118 

112 

107 

101 

96 

90 

84 

79 

73 

68 

62 

57 

51 

46 

40 

34 


459.4 

450 

440 

430 

420 

410 

400 

390 

380 

370 

360 

350 

340 

330 

320 

310 

300 

290 

280 

273 

270 

260 

250 

240 

230 

220 

210 

200 

190 

180 

170 

160 

150 

140 

130 

120 

110 

100 

90 

80 


-459.4 

-454 

-436 

-418 

-400 

-382 

-364 

-346 

-328 

-310 

-292 

-274 

-256 

-238 

-220 

-202 

-184 

-166 

-148 

-130 

-112 

- 94 

- 76 

- 58 

- 40 

- 22 


29 

23 

17.8 


0 to 100 


100 to 1000 





17.8 

17.2 

16.7 
16.1 

15.6 

15.0 

14.4 

13.9 

13.3 

12.8 

12.2 

11.7 
11.1 
10.6 
10.0 

9.4 
8.9 

8.3 

7.8 

7.2 

6.7 
6.1 

5.6 
5.0 

4.4 

3.9 

3.3 

2.8 
2.2 

1.7 

1.1 

0.6 

0.0 

0.6 

1.1 

1.7 
2.2 

2.8 

3.3 
39 

4.4 
5.0 

5.6 
6.1 

6.7 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 


32 

33.8 

35.6 

37.4 

39.2 

41.0 

42.8 

44.6 

46.4 

48.2 

50.0 

51.8 

53.6 

55.4 

57.2 

59.0 

60.8 

62.6 

64.4 

66.2 

68.0 

69.8 

71.6 

73.4 

75.2 

77.0 

78.8 

80.6 

82.4 

84.2 

86.0 

87.8 
89.6 

91.4 

93.2 

95.0 

96.8 


15.0 

15.6 
16.1 

16.7 

17.2 

17.8 

18.3 

18.9 

19.4 
20.0 
20.6 

21.1 

21.7 
22.2 

22.8 

23.3 

23.9 

24.4 
25.0 

25.6 
26.1 

26.7 

27.2 

27.8 

28.3 

28.9 

29.4 
30.0 

30.6 
31.1 

31.7 


50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 

65 

66 

67 

68 
69 


fMl 


78 

79 

80 
81 
82 

83 

84 

85 

86 

87 

88 
89 


7.2 

9.0 



177.8 

179.6 

181.4 

183.2 

185.0 

1868 

188.6 

190.4 

192.2 

194.0 

195.8 
197.6 

199.4 

201.2 


38 

43 

49 

54 

60 

66 

71 

77 

82 


150 

160 

170 

180 

190 

200 

210 

212 

220 

230 

240 

250 

260 

270 

280 

290 

300 

310 

320 

330 

340 

350 

360 

370 

380 

390 

400 

410 

420 

430 

440 

450 

460 


212 

230 

248 

266 

284 

302 

320 

338 

356 

374 

392 

410 

413.6 

428 

446 

464 

482 

500 

518 

536 

554 

572 

590 


626 

644 

662 

680 

698 

716 

734 

752 

770 

788 


260 

266 

271 

277 

282 

288 

293 

299 

304 

310 

316 

321 

327 

332 

338 

343 

349 

354 

360 

366 

371 

377 

382 

388 

393 

399 

404 


416 

421 

427 

432 

438 

443 

449 

454 

460 

466 


630 


700 

710 

720 

730 

740 

750 

760 

770 

780 

790 

800 

810 

820 

830 

840 

850 

860 

870 

880 

890 

900 

910 

920 

930 

940 

950 

960 



32 
50 
968 
986 
1004 

1022 
1040 
1058 
1076 
1094 , 

1112 

1130 

1148 

1166 

1184 

1202 

1220 



1328 

1346 

1364 

1382 

1400 

1418 

1438 

1454 

1472 

1490 

1508 

1526 

1544 

1562 

1580 
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1000 to 2000 


2000 to 3000 


538 
543 
549 
554 
560 

566 
571 
577 
582 
588 

593 
599 
604 
610 
616 

621 
627 
632 
638 
643 

649 
654 
660 
666 
671 

677 

682 

688 

693 

699 

704 

710 

716 

721 

727 

732 

738 

743 

749 

754 

760 
766 
- 771 
777 
782 

788 

793 

799 

804 

810 


1000 
1010 
1020 
1030 
1040 

1050 
1060 
1070 
1080 
1090 

1100 
1110 
1120 
1130 
1140 

1150 
1160 
1170 
1180 
1190 

1200 
1210 
1220 
1230 
1240 

1250 
1260 
1270 
1280 
1290 

1300 
1310 
1320 
1330 
1340 

1350 
1360 
1370 
1380 
1390 

1400 
1410 
1420 
1430 
1440 

1450 
1460 
1470 
1480 
1490 


1832 
1850 
1868 
1886 
1904 

1922 
1940 
1958 
1976 
1994 

2012 
2030 
2048 
2066 
2084 

2102 
2120 
2138 
2156 
2174 

2192 

2210 

2228 

2246 

2264 

2282 
2300 
2318 
2336 
2354 

2372 
2390 
2408 
2426 
2444 

2462 
2480 
2498 
2516 
2534 

2552 
2570 
2588 
2606 
2624 


I 


2642 

2660 

2678 

2696 

2714 


816 
821 
827 
832 
838 

843 
849 
854 
860 
866 

871 

877 

882 

888 

893 

899 

904 

910 

916 

921 

927 

932 

938 

943 

949 

954 

960 

966 

971 

977 

982 

988 

993 

999 

1004 

1010 

1016 

1021 

1027 

1032 

1038 

1043 

1049 

1054 

1060 

1066 
1071 
1077 
1082 
1088 


1500 
1510 
1520 
1530 
1540 

1550 
1560 
1570 
1580 
1590 

1600 
1610 
1620 
1630 
1640 

1650 
1660 
1670 
1680 
1690 

1700 

1710 

1720 

1730 

1740 

1750 

1760 

1770 

1780 

1790 

1800 
1810 
1820 
1830 
1840 

1850 
1860 
1870 
1880 
1890 

1900 
1910 
1920 
1930 
1940 

1950 
1960 
1970 
1980 
1990 


1093 2000 


2732 
2750 
2768 
2786 
2804 

2822 
2840 
2858 
2876 
2894 

2912 

2930 

2948 

2966 

2984 

3002 

3020 

3038 

3056 

3074 

3092 

3110 

3128 

3146 

3164 

3182 

3200 

3218 

3236 

3254 

3272 

3290 

3308 

3326 

3344 

3362 

3380 

3398 

3416 

3434 

3452 
3470 
3488 
3506 
3524 

3542 
3560 
3578 
3596 
3614 

3632 


1093 

1099 

1104 

1110 

1116 

1121 

1127 

1132 

1138 

1143 

1149 

1154 

1160 

1166 

1171 

1177 

1182 

1188 

1193 

1199 

1204 

1210 

1216 

1221 

1227 

1232 

1238 

1243 

1249 

1254 

1260 
1266 
1271 
1277 
1282 

1288 
1293 
1299 
1304 
1310 

1316 
1321 
1327 
1332 
1338 

1343 
1349 
1354 
1360 
1366 


2000 

2010 

2020 

2030 

2040 

2050 

2060 

2070 

2080 

2090 

2100 

2110 

2120 

2130 

2140 

2150 

2160 

2170 

2180 

2190 

2200 

2210 

2220 

2230 

2240 

2250 

2260 

2270 

2280 

2290 

2300 

2310 

2320 

2330 

2340 

2350 

2360 

2370 

2380 

2390 

2400 

2410 

2420 

2430 

2440 

2450 

2460 

2470 

2480 

2490 


3632 

3650 

3668 

3686 

3704 

3722 

3740 

3758 

3776 

3794 

3812 

3830 

3848 

3866 

3834 

3902 

3920 

3938 

3956 

3974 

3992 

4010 

4028 

4046 

4064 

4082 

4100 

4118 

4136 

4154 

4172 

4190 

4208 

4226 

4244 

4262 

4280 

4298 

4316 

4334 

4352 

4370 

4388 

4406 

4424 

4442 

4460 

4478 

4496 

4514 


1371 

1377 

1382 

1388 

1393 

1399 

1404 

1410 

1416 

1421 

1427 

1432 

1438 

1443 

1449 

1454 

1460 

1466 

1471 

1477 

1482 

1488 

1493 

1499 

1504 

1510 

1516 

1521 

1527 

1532 

1538 

1543 

1549 

1554 

1560 

1566 

1571 

1577 

1582 

1588 

1593 

1599 

1604 

1610 

1616 

1621 

1627 

1632 

1638 

1643 

1649 


2500 

2510 

2520 

2530 

2540 

2550 

2560 

2570 

2580 

2590 

2600 

2610 

2620 

2630 

2640 

2650 

2660 

2670 

2680 

2690 

2700 

2710 

2720 

2730 

2740 

2750 

2760 

2770 

2780 

2790 

2800 

2810 

2820 

2830 

2840 

2850 

2860 

2870 

2880 

2890 

2900 

2910 

2920 

2930 

2940 

2950 

2960 

2970 

2980 

2990 

3000 


4532 

4550 

4568 

4586 

4604 

4622 

4640 

4658 

4676 

4694 

4712 

4730 

4748 

4766 

4784 

4802 

4820 

4838 

4856 

4874 

4892 

4910 

4928 

4946 

4964 

4982 

5000 

5018 

5036 

5054 

5072 

5090 

5108 

5126 

5144 

5162 

5180 

5198 

5216 

5234 

5252 

5270 

5288 

5306 

5324 

5342 
5360 
5378 
5396 
5414 

5432 


C.° - ‘/. (F.° - 32) = (F.° 4- 40) - 40. F.° = •/• C.° + 32 = •/» (C.° + 40) - 40. 
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TABLE 3 

EXPANSION OF METALS 


The accompanying nomograph chart 
(Table 3) will be found useful for quickly 
determining the expansion of any ordinary 
metals—such as mild steel, wrought iron, 
copper, brass—or any material having an 
expansion coefficient between the limits 
0.000005 and 0.000012 in. per ft. per °F. 
of temperature change. The chart handles 
any length from 20 to 10,000 ft. 

For example, how much will 850 ft. 
of wrought iron pipe expand when the 
Temperature increase is 300 °F.? Refer- 
ing to the chart, the answer is obtained 


by connecting 300, column C, with the 
coefficient of expansion of wrought iron, 
column E, and locating the intersection 
with column D. Then from the point of 
intersection, project a line to 850, column 
A, and the expansion is found to be 20 
in. in column B. 

The temperature difference, column C, 
is found by subtracting the minimum from 
the maximum temperature. Thus a steam 
pipe at its coldest may be 40°F; at its 
hottest it may be 740 °F. The difference 
is therefore 740—40 or 700 °F. 
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TABLE 4. 

HARDNESS CONVERSION FOR STEEL 


Brinell Hardness Number 


Brinell 

Indenta- jo-mm. 10-mm. 

UonDia- standard Hultgren 

meter,mm. Ba j lt Ba Tl, 

3000-kg. 3000-kg.I 3000-kg. 
Load Load a I Load 


10 -mm. 

Carbide 

Ball. 


2.35 
2.40 
2.45 

2.50 


2.55 


2.60 


2.65 


2.70 


2.75 


2.80 


2.85 


2.90 


2.95 

3.00 

3.05 

3.10 

3.15 

3.20 

3.25 

3.30 

3.35 

3.40 

3.45 

3.50 

3.55 

3.60 

3.65 

3.70 

3.75 

3.80 

3.85 

3.90 

3.95 

4.00 


495 


477 


461 


444 


429 

415 

401 

388 

375 

363 

352 

341 

331 

321 

311 

302 

293 

285 

277 

269 

262 

255 

248 

241 

235 

229 


601 


578 


555 


534 


514 


495 


477 


461 


444 


429 

415 

401 

388 

375 

363 

352 

341 

331 

321 

311 

302 

293 

285 

277 

269 

262 

255 

248 

241 

235 

229 


682 

653 


627 


601 


578 


555 


534 


514 


495 


477 


461 


414 
4 29 

415 
401 
388 
375 
363 

352 

341 

331 

321 

311 

302 

293 

285 

277 

269 

262 

255 

248 

241 

235 

229 


iamond 

/ramid 

ardness 

[umber 

Rockwell Hardness Number 

Rockwell Superficial 
Hardness Number 

Brinell 
Inden 
tat ion 
Diam¬ 
eter, 
mm . 

C Scale, 
150-kg. 
Load, 
Brale 
Pene- 
trator 

A Scale, 
60-kg. 
Load, 
Brale 
Pcnc- 
tralor 

D Scale, 
100 -kg. 
Loa<i, 

B rale 
Pene- 
trator 

15 N 
Scale, 
15-kg. 
Load, 
Superfi¬ 
cial Brale 
Pene 
trator 

30-N 

Scale, 

30-kg. 
Load. 
Superfi¬ 
cial Brale i 
Pene- 
trator 

45 N 
Scale, 
45-kg. 
Loan 
Superfi¬ 
cial Brale 
Pcne- 
trator 

737 

61.7 

82.2 

72.0 

91.0 

79.0 

68.5 

2.35 

697 

60.0 

81.2 

70.7 

90.2 

77.5 

66.5 

2.40 

667 

58.7 

80.5 

69.7 

89.6 

76.3 

65.1 

2.45 

677 

59 A 

80.7 

10.0 

89.8 

76.8 

65. T 

2.50 

640 

57.3 

79.8 

68.7 

89.0 

75.1 

63.5 


640 

f 

ST.3 

T9 .S 

68^7 

80.0 

75.1 

63.5 

1 2.55 

615 

56.0 

79.1 

67.7 

88.4 

73.9 

62.1 

I 

607 

65.6 

T&.& 

67.4 

88.1 

T3.S 

6 i.6 

| 2.60 

591 

54.7 

78.4 

60.7 

87.8 

72.7 

60.6 

J 

579 

54 B) 

78.0 

66 ! 1 

87^5 

T2.0 

59.8 

2 65 

569 

53.5 

77.8 

65.8 

87.2 

71.6 

59.2 


553 

52.5 

77 :i 

65.0 

86.T 

T0.T 

58.0 

l 2.70 

547 

52.1 

76.9 

64.7 

86.5 

TO.3 

57.6 

I 

539 

51.6 

76.7 

64.3 

86.3 

69.9 

56.9 

) 

530 

51.1 

76.4 

63.9 

86.0 

69.5 _ 

56.2 

\ 2.75 

528 

51.0 

76.3 

63.8 

85.9 

69.4 

56.1 

1 

516 

50.3 

75.9 

63.2 

85.6 

68.7 

55.2 

I 

508 

49.6 

75.6 

62.7 

83.3 

68.2 

54.5 

y 2.80 

508 

49.6 

75.6 

62.7 

85.3 

6S.2 

54.5 

J 

495 

48.8 

75.1 

61.9 

84.9 

67.4 

53.5 

) 

491 

48.5 

74.9 

61.7 

84.7 

67.2 

53.2 

\ 2.85 

491 

48.5 

74.9 

61.7 

84.7 

67.2 

53.2 

J 

474 

47.2 

74.3 

61.0 

84.1 

66.0 

51.7 

} 

472 

47.1 

74.2 

60.8 

84.0 

65.8 

51.5 

} 2.90 

472 

47.1 

74.2 

60.8 

84.0 

65.8 

51.5 

1 

455 

45.7 

73.4 

59.7 

83.4 

64.6 

49 9 

2.95 

440 

44.5 

72.8 

58.8 

82.8 

63.5 

48.4 

3.00 

425 

43.1 

72.0 

57.8 

82.0 

62.3 

46.9 

3.OS 

410 

41.8 

71.4 

56.8 

81.4 

61.1 

45.3 

3.10 

396 

40.4 

70.6 

55.7 

80.6 

59.9 

43.6 

3.15 

383 

39.1 

70.0 

54.6 

80.0 

58.7 

42.0 

3.20 

372 

37.9 

69.3 

53.8 

79.3 

57.6 

40.5 

3.25 

360 

36.6 

68.7 

52.8 

78.6 

56.4 

39 J 

3.30 

350 

35.5 

68.1 

51.9 

78.0 

55.4 

37.8 

3.35 

339 

34.3 

67.5 

51.0 

77.3 

54.3 

36.1 

3.40 

328 

33.1 

66.9 

50.0 

76.7 

53.3 

34.4 

3.45 

319 

32.1 

66.3 

49.3 

76.1 

52.2 

• 33.8 

3.50 

309 

30.9 

65.7 

48.3 

75.5 

51.2 

32.4 

3.55 

301 

29.9 

65.3 

47.6 

75.0 

50.3 

31.2 

3.60 

292 

28.8 

64.6 

46.7 

74.4 

49.3 

29.9 

3.65 

281 

27.6 

64.1 

45.9 

73.7 

48.3 

28.5 

3.70 

276 

26.6 

63.6 

45.0 

73.1 

47.3 

27.3 

3.75 

269 

25 4 

63.0 

44.2 

72.5 

46.2 

26.0. 

3.80 

261 

24.2 

62.5 

43.2 

71.7 

45.1 

24.5 

3.8S 

253 

22.8 

61.8 

42.0 

70.9 

43.9 

22.8 

3.90 

247 

21.7 

61.4 

41.4 

70.3 

42.9 

21.5 

3.95 

241 

20.5 

60.8 

40.5 

69.7 

41.9 

| 20.1 

; 4.oo 


• No Brinell hardness values are given above 500 Brinell hardness number for the 10-mm. standard steel ball in con 
forroance with limitations established by the Standard Method of Test for Brinell Hardness of Metallic Materials (A.S. 
r.M. Designation: E 101.-' . 

° Brinell hardness values are given for the Hultgren ball to 601 Brinell hardness; however, llattening of the ball at the 
higher hardnesses gives lower Brinell hardness values than obtained with the carbide ball. For example, material hav¬ 
ing a D.P.H. value of 667 has a carbide ball Brinell hardness of 627, while material having a D.P.H. value of 677 has a 
Hultgren ball Brinell hardness of only 601. 



TABLE 5 

DECIMAL EQUIVALENTS FOR INCHES AND FRACTIONS OF AN INCH 
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TABLE 7 

COMPARISON OF GAGES, IN. 


Gage 

No. 

American 

or 

B. & S. 

Birming¬ 
ham or 
Stubs 

u. s. 

Steel 

Wire 

United 

States 

Standard 

0000000 


• • • 

0.4900 

0.5000 

000000 

0.5800 

• • • 

0.4615 

0.4688 

00000 

0.5165 

• • • 

0.4305 

0.4375 

0000 

0.4600 

0.454 

0.3938 

0.4063 

000 

0.4096 

0.425 

0.3625 

0.3750 

00 

0.3648 

0.380 

0.3310 

0.3438 

0 

0.3249 

0.340 

0.3065 

0.3125 

1 

0.2893 

0.300 

0.2830 

0.2813 

2 

0.2576 

0.284 

0.2625 

0.2656 

3 

0.2294 

0.259 

0.2437 

0.2500 

4 

0.2043 

0.238 

0.2253 

0.2344 

5 

0.1819 

0.220 

0.2070 

0.2188 

6 

0.1620 

0.203 

0.1920 

0.2031 

7 

0.1443 

0. 180 

0.1770 

0.1875 

8 

0.1285 

0.165 

0.1620 

0.1719 

0 

0.1144 

0.148 

0.1483 

0.1563 

10 

0.1019 

0.134 

0.1350 

0.1406 

1 l 

0.0907 

0. 120 

0.1205 

0.1250 

12 

0.0808 

0.109 

0.1055 

0.1094 

13 

0.0720 

0.095 

0.0915 

0.0938 

14 

0.0641 

0.083 

0.0800 

0.0781 

15 

0 0571 

0.072 

0.0720 

0.0730 

16 

0 0508 

0.065 

0.0625 

0.0625 

17 

0.0453 

0.058 

0.0540 

0.0563 

18 

0.0403 

0.049 

0.0475 

0.0500 

19 

0.0359 

0.042 

0.0410 

0.0438 

20 

0.0320 

0.035 

0.0348 

0.0375 

21 

0.0285 

0.032 

0.0317 

0.0344 

22 

0.0524 

0.028 

0.0286 

0.0313 

23 

0.0226 

0.025 

0.0258 

0.0281 

24 

0.0201 

0.022 

0.0230 

0.0250 

25 

0.0179 

0.020 

0.0204 

0.0219 

26 

0.0159 

0.018 

0.0181 

0.0188 

27 

0.0142 

0.016 

0.0173 

0.0172 

28 

0.0126 

0.014 

0.0162 

0.0156 

29 

0.0113 

0.013 

0 0150 

0.0141 

30 

0.0100 

0.012 

0.0140 

0.0125 

31 

0.0089 

0.010 

0.0132 

0.0109 

32 

0.0080 

0.009 

0.0128 

0.0102 

33 

0.0071 

0.008 

0.0118 

0.0094 

34 

0.0063 

0.007 

0.0104 

0.0086 

36 

0.0056 

0.005 

0.0095 

0.0078 

36 

0.0050 

0.004 

0.0090 

0.0070 

37 

0.0045 


0.0085 

0.0066 

38 

0.0040 

• • • 

0.0080 

0.0063 

39 

0.0035 


0.0075 

• • • • 

40 

0.0031 

• # • 

0.0070 

• • • • 

41 

0.0028 

• • # 

0.0066 

• • • • 

42 

0.0025 

. . . 

0.0062 

# # # • 

43 

0.0022 

• • • 

0.0060 

• • • • 

44 

0.0020 


0.0058 

• • • • 

45 

0.0018 

• • • 

0.0055 

• • • • 

46 

0.0016 

• • • 

0 0052 

• • • • 

47 

0.0014 

• • • 

0.0050 

• • • • 

48 

0.0012 

• • • 

0.0048 

.... 

49 

0.0011 

• • # 

0.0046 

• • • • 

50 

0.0010 

• • • 

0.0044 

• • • • 

















i n a I MCl-lKl-m 








1568 


ENGINEERING TABLES 


TABLE 9 


Wrousht Iron Machine-Steel Carbon Tool Steel Gray Cast Iron White Cast Iron 




Metal 

Volume of 
Stream 

Relative 
length of 
Stream, Inchest 

1. 

Wrought iron 

Large 

65 

•> 

Machine steel 

Large 

70 

3. 

Carbon tool steel 

Moderately large 

55 

4. 

Gray cast iron 

Small 

25 

r>. 

White cast iron 

Very small 

20 

6. 

Annealed mall, iron 

Moderate 

30 

7. 

High speed steel 

Small 

60 

4 r 

8. 

Manganese steel 

Moderately large 

4 5 

r r\ 

0. 

Stainless steel 

Moderate 

50 

10. 

Tungsten-chromium die steel 

Small 

35 

c c 

11. 

Nitrided Nitralloy 

Large (curved) 

55 

10 

12. 

Stell ite 

Very small 

13. 

1 1. 
15. 

Cemented tungsten carbide 

Nickel 

Copper, brass, aluminum 

Extremely small 
Very small** 

None_ 

o 

10 


t Figures obtained with 12" wheel on bench stand and are 
stance will vary with grinding wheel pressure, etc. 


in 
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IDENTIFICATION OF METALS BY SPARKS 


High Speed Steel Manganese Steel 


Stainless Steel 


Tungsten-Chrom. 
Die Steel 


w 

Nitrided Nitralloy 



Color of 

Stream Close 
to Wheel 

Color of 
Streaks Near 

End of Stream 

Quantity of 
Spurts 

Nature of 

Spurts 

I 

Straw 

White 

White 

White 

White 

White 

Very few j 

Few 

Very man\ 

Forked 

Forked 

Fine, repeating 

1 . 

•* 

3! 

Red 

S t ra w 

Many i 

Fine, repeating 

1 . 

Red 

Straw 

Few 

Fine, repeating 

5. 

Red 

S t ra w 

Many 

Fine, repeating 

6. 

Red 

S t ra w 

Kxtremely few 

Forked 

7. 

White 

White 

M a n y 

Fine, repeating 

8. 

Straw 

White 

Moderate 

Forked 

9. 

Red 

Straw* 

Many 

Fine, repeating 

ID. 

White 

White 

Moderate 

Forked 

11. 

Orange 

Orange 

None 


12. 

Right Orange 

Light Orangi* 

None 


13. 

Orange 

Orange 

None 


14. 



None 


15. 


•Blue-white spurts. 


••Some wavy streaks 
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TABLE 12 

ELEMENTS AND THEIR PROPERTIES 


Element 

Density Melting Density 

Sym- Lb./Cu. In. Point, Sym- Lb./Cu. In. 

bol at 68°F. °F. Element bol at 68°F. 

Melting 

Point, 

°F. 


Actinium Ac 

Aluminum A1 

Americium Am 

Antimony Sb 

Argon A 

Arsenic As 

Astatine At 

Barium Ba 

Beryllium Be 

Bismuth Bi 

Boron B 

Bromine Br 

Cadiuin Cd 

Calcium Ca 

Carbon C 

Cerium Ce 

Cesium Cs 

Chlorine Cl 

Chromium Cr 

Cobalt Co 

Columbiuin Cb 

Copper Cu 

Curium Cm 

Dysprosium Dy 

Erbium Er 

Europium Eu 

Fluorine F 

Francium Fa 

Gadolinium Gd 

Gallium Ga 

Germanium Ge 

Gold Au 

Hafnium Hf 

Helium He 

Holmium Ho 

Hydrogen H 

Illinium II 

Indium In 

Iodine ; 

Iridium Ir 

Iron Fe 

Krypton Kr 

Lanthanum La 

Lead Pb 

Lithium Li 

Lutecium Lu 

Magnesium Mg 

Manganese Mil 

Mercury Hg 

Molybdenum Mo 


0.0975 
0!2391 

1.663 X 10-3 
0.2070 
• • • • 

0.1265 
0.0658 
0.3541 
0.083 
0.113 

0.3125 
0.0560 
0.0802 
0.25 
0.069 

0.’2579 
0.3216 
0.3096 
0.324 
• • • • 

0.309 

0.331 
0.189 


0.287 
0.214 
0. 194 
0.698 

0.412 

0.6012 X 10" 5 


0.264 
0.178 
0.813 
0.284 

0.126 X 10-3 

0.222 
0.4097 
0.019 
0.352 

0.0628 
0.268 
0.4896 
0.369 


1600.0 

Neodymium 

Nd 

0.255 

1220.4 

Neon 

Ne 

3.03 X 10-5 

• • • • 

Neptunium 

Np 

# • • • 

1166.9 

Nickel 

Ni 

0.322 

308.9 

Nitrogen 

N 

4.209 X 10-» 

1497.0 

Osmium 

Os 

0.813 

• • • • 

1562 

Oxygen 

O 

4.8118 X 10-5 

2345 

Palladium 

Pd 

0.434 

519 

Phosphorus 

P 

0.0658 

4200 

Platinum 

Pt 

0.775 

19.0 

Plutonium 

Pu 

• • • • 

609 6 

Polonium 

Po 

• • • • 

1560 

Potassium 

K 

0.031 

6700 

1100 

Praseo- 

dynium 

Pr 

0.240 

82 

-150 

Protoactin¬ 

ium 

Pa 

• • • • 

3430 

Radium 

Ra 

0.18 

2/23 

Radon 

Rn 

0.159 

4380 

Rhemium 

Re 

0.72 

1981.4 

Rhodium 

Rh 

0.4495 

• • • • 

Rubidium 

Rb 

0.0553 

• • • • 

Ruthenium 

Ru 

0.441 


-370 


85.60 
1760 
1945.4 

3100 

456.5 


O’3026 X 10" 5 -434.6 


313.5 

237 

4449 

2802 

-251 

1519 
621.3 
367 
• • • • 

1202 

2273 

39.97 

4760 


Samarium 

Scandium 

Selenium 

Silicon 

Silver 

Sodium 

Strontium 

Sulfur 

Tantalum 

Technetium 

Tellurium 

Terbium 

Thallium 

Thorium 

Thulium 

Tin 

Titanium 

Tungsten 

Uranium 

Vanadium 

Xenon 

Ytterbium 

Yttrium 

Zinc 

Zirconium 


Sm 0.28 

Sc 0.090 
Se 0.174 

Si 0.084 

Ag 0.3790 
Na 0.035 

Sr 0.094 

S 0.075 

Ta 0.600 

Tc .... 

Te 0.225 

Tb 0.301 

T1 0.4281 
Th 0.415 

Tm 0.338 

Sn 0.2637 
Ti 0.164 

W 0.698 

u o.676 

V 0.217 

Xe 0.1985 X 10-* 

Yb 0.253 

Y 0.199 

Zn 0.258 

Zr 0.23 


1540 
-415.5 
# • • • 
2651 
-346 

4900 

-361.8 

2829 
111.4 
3224.3 
• • • • 
1100 
145 

1700 

5400 

1300 

-96 

5740 

3571 

102 

4500 

2370 

2190 

428 

2605 

1760.9 

207.9 

1420 

246.2 

5425 
4900 
840 
621 
572 
3300 
• • • • 
449.4 
3300 
6170 

2065 

3150 

-170 

2700 ‘ 

787.03 
3200 
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TABLE 14 

WEIGHTS AND MEASURES 


Length 

1 mil = 0.001 in. 

1 in. = 2.54 cm. = 25.4 mm. 

1 link = 7.92 in. = 20.12 cm. 

12 in. = 1 ft. = 0.30479 meter = 30.5 cm. 

3 ft. = 1 yd. = 0.91437 meter = 36 in. 

yd. = 1 rod or pole = 16H ft. = 198 in. 

22 yd. = 1 chain = 4 rods = 66 ft. = 100 links 
40 rods = 1 furlong = 220 yd. = 660 ft. = 10 
chains 

8 furlongs = 1 statute or land mile = 320 rods = 
1760 yd. 

5280 ft. = 1 statute or land mile = 1.609 kilo¬ 
meters 

1 geographical or nautical mile = 1 min. = 
deg. 

1 nautical mile, British standard = 6080 ft. 

1 nautical mile = 1.115 statute or land miles 
1 statute or land mile = 0.869 nautical mile 
3 nautical miles = 1 league 

Square Measure 

1 sq. yd. = 9 sq. ft. = 0.836 sq. meter 
1 sq. ft. = 114 sq. in. = 920 sq. cm. 

1 sq. in. = 6.4514 sq. cm. 

A section of land is 1 mile square = 640 acres 
1 acre = 43,560 sq. ft. = 0.40467 hectare 
1 sq. acre = 208.71 ft. on each side 

Cubic Measure 

1 cu. yd. = 27 cu. ft. = 7645 cu. meters 
1 cu. yd. = 201.97 (wine) gal. = 7.645 hectoliters 
1 cu. ft. = 1728 cu. in. = 28,315.3 cu. cm. 

1 cu. ft. = 7.4805 (wine) gal. = 28.315 liters 
1 cu. ft. = 6.2355 imperial gal. 

1 cord of wood = 128 cu. ft., being 4 x 4 x 8 ft. 

1 perch of stone = 24% cu. ft., being 16>£ x 
1M * 1 ft-, generally taken as 25 cu. ft. 

Liquid Measure 

1 gill = % pt. = 7.22 cu. in. = 4 fl. oz. 


1 pt. = 28.88 cu. in. = 16 fl. oz. 

2 pt. = 1 qt. = 57.75 cu. in. = 0.9463 liter 
4 qt. = 1 gal. = 231 cu. in. = 3.7852 liters 

1 imperial gal. = 277.463 cu. in. = 4.8045 qt. 

Dry Measure 

1 std. U.S. bu. = 2150.42 cu. in. 

1 std. U.S. bu. = 4 peck 
1 peck = 2 gal. = 8 qt. 

1 gal. = 4 qt. = 268.8 cu. in. 

1 qt. = 2 pt. = 67.2 cu. in. 

100 bu. = 124.5 cu. ft. (approximately) 

80 bu. = 100 cu. ft. (approximately) 

Avoirdupois Weight 

1 lb. = 16 oz. = 7000 grains = 0.45359 kg. = 
453.59 gm. 

1 ton = 2240 lb. A short ton = 2000 lb. 

A fluid ounce is a measure of capacity and means 
in the American system %6 pint wine measure. 
1 fl. oz. = 1.042 oz. avoirdupois 
1 fl. oz. = 455.6 grains of distilled water 
1 fl. oz. = 29.52 cu. cm. 

In England a fluid ounce means imperial 
pint = 1 imperial ounce = 437.5 grains of dis¬ 
tilled water = 28.35 cu. cm. 

1 metric ton = 1000 kg. = 2205 lb. 

Troy Weight 

1 lb.° = 12 oz. = 5760 grains = 0.37324 kg. 

1 oz. = 20 pennyweights = 1.0971 oz. avoirdupois 
1 pennyweight = 24 grains 

1 karat used in weighing diamonds = 3.108 
grains = 0.205 gm. 

Apothecaries' Weight 

1 lb.° = 1 lb. troy weight = 12 oz. 

1 oz.° = 8 drachms 
1 drachm = 3 scruples 
1 scruple = 20 grains 


“The pound and ounce are the same in apothecaries’ as in troy weight. One ounce 
avoirdupois is 437.5 grains, and 1 ounce troy is 480 grains, but 1 grain has the same value in 
troy, apothecaries’ and avoirdupois and is eaual to 0.0648 gm. in the metric system. 
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TABLE 15 

FORCE CONVERSION FACTORS 

FORCES OR WEIGHTS PER UNITS OF LENGTH (LINEAR WEIGHTS) 


1 dyne per centimeter = 0.00101979 gm./cm. = 0.000183719 poundal/in. 

1 gram per centimeter = 980.59G6 dynes/cm. = 0.180154 poundal/in. 

1 poundal per inch = 5443.11 dynes/cm. = 5.55081 gm./cm. = 0.0310832 pound/in. 


Grams 

per 

Centi¬ 

meter, 

Gm./Cm. 

— ■ m~0 mm ■ ^ 

Grains 

per 

Inch. 

Gr./In. 

Pounds 

per 

Inch, 

Lb./In. 

Pounds ! 
per 

Foot, 

Lb./Ft. 

Pounds Kilograms 
per per 

Yard, Meter, 

Lb./Yd. Kg./M. 

Short 

Tons, 
(2000 Lb.), 
per 

Mile 

Gross 
Tons, 
(2240Lb.), 
per 

Mile 

Metric 

Tons, 

(lOOOKg.), 

per 

Kilometer 

1 

39.1983 

0.‘5600 

0.06720 

0.20159 0.10 

0.17740 

0.15839 

0.10 

0.02551 

1 

0*1429 

Op 1714 

0.q5143 0.^2551 

0.q4526 

o 

CIO 

• 

O 

0*2551 

178.579 

7000 

1 

12 

36 17.8579 

31.6800 

28.2857 

17.8579 

14.8816 

583.333 

0.08333 

1 

3 1.48816 

2.64000 

2.35714 

1.48816 


FORCES OR WEIGHTS PER UNITS OF AREA (PRESSURE) 


1 dyne per square centimeter = 
1 gram per square centimeter 
1 poundal per square inch = 2 


= 0.00101979 gin./cm. 3 =* 0.000366646 poundals/in. 3 

= 980.59GG dynes/cm.* = 0.457592 poundals/in. 3 

142.95 dynes/cm. 3 = 2.18536 gm./cm. 3 = 0.0310832 pound/in. 3 


Kilograms 

per 

Square 
Centi- 1 
meter, 

Kg./Cm. 3 

Pounds 

per 

Square 

Inch, 

: Lb./In. 3 

Pounds 

per 

Square 

Foot, 

Lb./Ft. 3 

Short 

Tons, 
(2000 Lb.), 
per 

Square 

Foot 

1 

14.2234 

2048.17 

1.02408 

0.07031 

1 

144 

0.07208 

0 *4882 

0 *6944 

1 

0.00050 


Atmos¬ 

pheres. 

Standard. 

7G0 Mm. 

0.96778 

0.0G804 

0*4725 


Columns of 
Mercury (Hg) 
13.59593 Sp. Gr. 


Columns of Water, 
Max. Density 4°C. 


Milli¬ 

meters 

Inches 

Meters 

Feet 

735.514 

28.9572 

10 

32.8083 

51.7116 

2.03588 

0.70307 

2.30665 

0.35911 

0.01414 

0.*4882 

0.01602 


FORCES OR WEIGHTS PER UNITS OF VOLUME (DENSITY) 


1 dyne per cubic centimeter = 0 00101979 gin./on 3 = 0.00118528 poundals/in * 

1 gram per cubic centimeter = 980.59GG dynes/cm. 3 = 1.102283 poundals/in.* 

1 poundal per cubic inch = 843.G83 dynes/cm.* = 0.860378 gm./cm.* = 0.0310832 pound/in.* 


Grams 

per 

Cubic 

Centi¬ 

meter, 

G m./Cm.* 

Pounds 
per ! 

Cubic 

t 

Inch, 

Lb./In.* 

Pounds 

per 

Cubic 
Foot, 
Lb./Ft* 

1 

0.03613 

62.4283 

27.6797 

1 

1728 

0.01602 

1 0.*5787 

1 


a - - TPfJK 


Pounds 

per 
Cubic 
Yard, j 
Lb./Yd.* | 

Kilograms 

per 

Cubic 

Meter, 

Kg./M* 

Pounds 

per 

Bushel, 

U.S. 

1685.56 

1000 

77.6893 

46656 

27679.7 

2150.42 

27 

16.0184 

1.24446 


Pounds 

per 

Gallon, 

Dry, 

US. 

Pounds 

per 

Gallon, 

Liquid, 

U.S. 

Kilograms 

per 

Hectoliter, 

Kg./Hl. 

9.71116 

8.34545 

100 

268.803 

231 

2767.97 

0.15556 

0.13368 

1.60184 


Notations *, *, etc., indicate that the l, l, etc., are to be replaced by 2, 3, 4, etc., ciphers. 

Example: 1 kg./m.* = 0 .q 3G13 = 0.00003613 lb./in.* 
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—A— 

Accessories 

arc welding. 

gas welding. 

(see also Auxiliary eqpt.) 

Accident prevention. 

arc welding. 

flash welding. 

gas welding. 

oxygen cutting. 

resistance welding. 

Acetylene 

chemical formula. 

cylinders. 

flame hardening. 

gas welding. 

generation . 

generators . 

Mg and Mg alloys. 

manifolding of cylinders. 

oxygen cutting. 

for preheat. 

Acid lead. 

Age hardenable A1 alloys. 

Age hardenable Ni alloys. 

Aging . 

Aging, Mg alloys.. 

Air-acetylene welding process. 

applications . 

Cu, soft soldering. 

definition . 

eqpt. used . 

lead . 

torch brazing. 

soft soldering. 

Air compressors, metallizing. 

Air-core transformer, induction weld¬ 
ing .... 

Air reservoirs, locomotive . 

Aircraft . 

allowable strengths ... .1280, 1281, 


A1 and A1 alloys.706, 

A1 and A1 alloys, table. 

arc welding.1274, 

brazing.1287, 


Cr-Ni steels and Ni alloys, table .. 

cleaning . 

defluxing . 

design . 

design shear strengths, spot welds, 

table. 

fabricating practices. 

fit-up.1290, 

flash welding.1280, 

flash welding eqpt. qualification... 
fluorescent penetrant inspection... 

gas welding.1274, 

Inconel.791, 


217 

150 

1064 

1064 

1065 

1066 
1066 
1065 

130 

132 

575 

129 

130 

131 
726 
136 
522 
997 
792 
688 
116 
987 
725 

163 

164 
164 

163 

164 
164 
164 
164 
495 

467 

1220 

1274 
1287 
1280 

1275 

1290 
1295 
1277 
1294 

1291 
1274 

1283 

1290 

1291 
1291 
1298 
1297 
1290 
1280 


inert arc welding.1287, 1295 

inspection.1297, 1300, 1301, 1302 

jigs .1290, 1297 

joint design.1281, 1282, 1289 

landing gear.180, 1281 

low-alloy steels.1274, 1280 

low-alloy steel brazed joints at ele¬ 
vated temp., table. 1289 

low-alloy steels, table. 1279 

low-carbon steel. 1280 

low-carbon steels, table. 1279 

macrosections . 1302 

Mg alloys. 736 

Mg alloys, table. 1276 

magnetic particle inspection.. 1297, 1300 
materials. 1274 

min. requirements for aircraft 

welder certification, table. 1298 

Monel . 1280 

oxy-hydrogen welding. 1280 

postheat treatment. 1291 

pressure gas welding... .179, 1281, 1292 
projection, spot and seam welding 

.402, 1281, 1293 

propeller barrels. 179 

qualification of procedures. 

..1299, 1300, 1301 

qualification of welders. 1297 

quality control. 1297 

radiographic inspection 1297, 1300, 1301 

seam welding design. 1286 

soft soldering.1290, 1297 

spot-weld joint design data, table 1284 

spot welding design. 1285 

stainless steel. 1280 

strength of A1 welds, table. 1288 

superalloys. 1280 

superalloys, table. 1278 

visual inspection.1297, 1300 

welder certification tests, table... 1298 

Air filters, metallizing. 495 

Air locks, spot and projection ma¬ 
chines . 315 

Air piping. 1333 

Aldecor steel. 602 

All-weld-metal tension test. 1446 

Alligator fixture, flash welding. 328 

Allowable eccentric loads, fillet 

welds. 1084 

Allowable loads 

fillet welds, bldgs. 1082 

framed bldg, connections. 1083 

stiffened seats.1087-1090 

unstiffened seats. 1086 


(see also Allowable stresses) 

Allowable pressures, piping... .1337, 1353 
Allowable strengths, aircraft. 

.1280, 1281, 1287 
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Allowable stresses 


bridges . 1124 

buildings . 1081 

piping...1337, 1353 

pressure vessels and boilers. 1170 

storage tanks. 1151 

Alloy banding, low-alloy steels. 613 

Alloy brass. 742 

Alloy cast irons. 587 

Alloy cast steels. 592 

Alloy steels 

effect of composition on transfor¬ 
mation diagram. 110 

metallurgy . 109 

Alloying elements 

effect on fatigue strength. 893 

in manganese steel. 673 

in steel. 112 

in low-alloy steels.601, 612 

A.C. arc welding machines. 182 

characteristic curves. 184 

control devices. 185 

installation... .... 187 

limited input machine ratings, 

table . 183 

maintenance. 188 

open-circuit voltage.. 184 

power factor correction. 183 

power output control. 185 

power supply... 183 

principles of operation. 185 

ratings, table . 183 

safety .188, 1061 

A.C. inert-arc welding machines 195, 267 

arc stabilization..... 196 

balanced wave machines. 195 

capacity . 196 

engine-driven machines. 199 

high-frequency stabilization. 197 

power supply. 196 , 

ratings for balanced wave ma- | 

chines, table. 196 

spark gap oscillators. 197 

special requirements. 197 

tube type oscillators. 198 

A.C. stud welding. 300 

Alternating stress. 886 

Aluminum 

in carbon and low-alloy steel. 109 

in Cu and Cu alloys. 120 

Aluminum and aluminum alloys... 687 
age hardenable alloys. 688 

aircraft .706, 1280 

applications . 706 

arc welding... 694 

atomic hydrogen welding.260. 697 

automotive products.706, 1269 

brazing . 698 

brazing alloys.698, 867 

brazing sheet. 698 

brazing filler metal, table. 713 

bridges . 706 

buildings . 706 

carbon-arc welding.230, 697 

castings . 705 

cleaning . 691 


commercial forms and tempers .. 687 

corrosion resistance.703, 905 

cracks, spot welds.. 703 

dip brazing. 699 

distortion . 692 

electrode sizes and machine set¬ 
tings for manual shielded 
metal-arc and carbon-arc weld¬ 
ing, table. 712 

edge preparation. 695 

electrodes, arc welding. 

.692, 694, 852, 1523 

electrodes, spot welding. 701 

estimating costs. 927 

finishing after welding. 692 

flash welding . 704 

flux removal . 700 

fluxes...690, 697, 698 

furnace brazing. 699 

gas welding.690, 692 

general properties. 687 

heat-treatable alloys. 688 

housewares . 706 

how to weld. 690 

impact resistance. 883 

induction welding. 469 

inert arc welding . 696 

inert arc welding equipment. 

....269, 690, 696 

machine settings for a.c. spot 

welding, table... 713 

machine settings for atomic hy¬ 
drogen welding, table.. 713 

machine settings for automatic 

carbon-arc welding, table..- 713 

machine settings for gas-tight 

seam welds, table. 714 

machine settings for inert arc 
welding, table. 712 

machine settings for stored-en- 

ergy spot welding, table. 713 

mechanical properties. 

mechanical properties of perma¬ 
nent-mold casting alloys, table., 
mechanical properties of sand 

casting alloys, table. 

mechanical properties of wrought 

alloys, table.••• '0' 

metallizing .496, 497 

metallurgical effects. by 

metallurgy . • • }** 

microstructure. boy, oJv 

min. spot weld shear strength, 

table . 


687 

709 

708 


714 

706 


710 
688 
1306 


mining. v ..- 

nominal compositions of alloys, 

table . 

non-heat-treatable alloys. 

oil and gasoline pipe lines. 

oxy-acetylene welding. 

oxy-hydrogen welding. 

peel test... 68 7 

physical properties..... y ' 

physical properties of casting ai- ^ 

loys, table. 












































































































SUBJECT INDEX 


1585 


physical properties of wrought al¬ 
loys, table. 711 

piping . 

postheat treatment.... •.. o9U 

pressure vessels and boilers. .706, 1170 


railroads. ; . /Ob 

shielded metal-arc welding.. .690, 694 

ships . 706 

solution heat treatment.. 688 

spot, seam and projection weld- 

• /ini n nn *7 


spot weld electrode tip radius, 

table . 714 

storage tanks . 706 

stud welding.. 295 

surface preparation, spot welding 701 
tank structures, data for gas 

welding, table. 712 

tip sizes and gas pressures for 

gas welding, table. 712 

torch brazing. 699 

welding rods.691, 698, 852 

Aluminum and Aluminum Alloy 

Electrode Specifications. 1523 

Aluminum bronze... 744 

atomic hydrogen welding. 756 

brazing . 764 

carbon-arc welding...... 749 

carbon electrode welding diam. 
and current for different thick¬ 
nesses, table. 750 


chemical composition and me¬ 
chanical properties of wrought 

Cu-Al alloys, table. 

duplex bronzes. 

electrodes . 

general properties. 

inert arc welding .. 

mechanical properties of sub¬ 
merged arc welds, table. 

oxy-acetylene welding. 

resistance welding. 

shielded metal-arc welding. 

submerged arc welding. 

typical conditions for submerged 

arc welding, table. 

American gage. 

Amsco F5. 

Annealing.88, 

Cr-Ni steels. 

effect on fatigue strength. 

Anode jet, metal-arc welding...... 

Anode spots, effect on arc welding.. 
Applications 

air-acetylene . 

A1 and A1 alloys . 

applied liners. 

brazing . 

carbon-arc cutting. 

carbon-arc welding. 

cast irons. 

cast steels. 

chromium steels. 

Cr-Ni steels. 

clad steels. 


745 

744 

860 

744 

757 

759 

760 
762 
754 

758 

759 
1565 

774 ; 

987 

656 

893 

235 

235 

164 

706 

842 | 

511 

553 

224 

590 

597 

646 

671 

831 


flame hardening . 

flame softening. 

flash welding. 

gouging . 

hogging . 

Inconel . 

induction welding. 

inert arc welding. 

lead . 

low-alloy steels. 

Mg and Mg alloys. 

manganese steel. 

metal-arc cutting. 

metallizing . 

Monel . 

Nickel ... 

oxy-acetylene welding. 

oxy-arc cutting..... 

oxy-hydrogen welding... 

oxy-(other fuel gas) welding- 

oxygen cutting. 

oxygen turning. 

percussion welding. 

pressure gas welding. 

shielded metal-arc welding. 


575 

577 

432 

564 

565 
791 
468 
269 
797 
618 
736 
685 
553 
496 
791 
791 
160 
553 
162 
163 
532 
565 
445 
177 
248 


spot, seam and projection welding 


.388, 400 

stud welding... 305 

submerged arc welding. 281 

surface planing. 566 

surfacing . 482 

thermit welding. 459 

upset welding. 325 

wrought iron. 583 

zinc . 801 

Applicator bars. 1248 

Applied liners. 832 

applications . 842 

attachment of liners. 836 

attachment welds. 833 

Boiler Code regulations. 834 

chromium. 833 

Cu and Cu alloy. 833 

definition . 832 

design . 833 

electrodes . 833 

fabrication . 835 

field welding. 839 

fluorescent penetrant testing. 842 

general properties. 832 

heat treatment. 839 

hydrostatic test. 841 

Inconel . 833 

inspection . 842 

joining adjacent liners. 836 

leak tests. 840 

magnetic particle testing. 842 

material specifications. 832 

materials used. 832 

Monel . 833 

Ni and Ni alloys . 833 

plug welding . 838 

pressure tests. 840 

pressure vessels.842, 1192 

radiography. 842 
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resistance welding eqpt. 835 

spot and seam welding. 837 

stainless steel. 832 

strip lining. 836 

surface preparation. 836 

tests . 840 

through welding.835, 838 

welding details. 838 

Arc blow...60, 238 

nickel, Monel and Inconel. 782 

Arc column. 56 

dissociation of molecule in. 57 

ionization . 57 

negative resistance characteristics 57 

Saha’s equation. 57 

temperature of. 56 

voltage gradient. 57 

volt-ampere characteristics. 57 

Arc crater, metal arc. 236 

Arc cutting processes. 550 

applications . 553 

auxiliary equipment. 552 

cast iron. 554 

current values for graphite elec¬ 
trodes, table. 552 

definition . 550 

effect on base metals. 551 

electrodes . 552 

equipment used. 551 

foundries . 554 

fundamentals . 550 

length of underwater cut per elec¬ 
trode, table. 553 

low-alloy steels. 554 

low-carbon steels. 554 


machinability. 551 

metallurgical effects. 551 

minimum requirements for tubu¬ 
lar underwater electrodes, table 553 
performance characteristics of 

solid core electrodes, table. 552 

physical effects. 551 

principles of operation. 550 

stainless steels. 554 

surface conditions. 551 

underwater cutting. 553 

warpage . 551 

Arc guns, metallizing. 495 

Arc length, metal arc welding. 241 

Arc length control 

inert arc welding. 267 


metal-arc welding. 212 

Arc-oxygen cutting (see Oxy-arc 
cutting) 

Arc stability, metal arc welding.... 236 

arc blow.. 238 

base metal effects. 240 

change in direction of current.... 239 

eddy currents. 240 

electrical effects. 237 

filler metal composition. 240 

position of magnetic material 

about arc. 239 

Arc stability, inert-gas metal-arc 

welding.196, 264 


Arc time. 914 920 

measurement . 218 

recorders . 218 

Arc voltage. 241 

Arc-welded joints, design.!!. 871 

Arc welding machines and equipment 182 

accessories . 217 

atomic hydrogen.204, 252 

carbon-arc welding...209, 222 

inert arc welding.195, 199, 265 

limited input. 182 

machine arc, special eqpt. 210 

safe practices. 1061 

shielded-metal arc, a.c.182, 244 

shielded-metal arc, d.c... *188 

stud welding.208, 295 

submerged arc welding.206, 278 

Arc-welding processes 

accident prevention. 1064 

aircraft.1274, 1290 

alloy cast steels. 592 

A1 and A1 alloys. 694 

austenitic cast steels. 593 

carbon steel. 585 


cast irons. 

Cr-Ni steels. 

corrosion resistance. 

dissimilar cast steels. 

estimating costs. 

ferritic cast steels. 

fire prevention. 

generation of heat. 

manganese steel. 

pressure vessels and boilers 

railroads . 

visual inspection. 

weldment defects . 


587 

657 

902 

594 

909 

592 

1063 

.56 

680 

1182 

1215 

953 

936 


(see also Shielded metal-arc 
welding and other arc proc¬ 
esses) 

Arc welding tools. 

Argon . 

inert arc welding. 

Mg and Mg alloys. 

metallurgical effect. 

Arsenic, copper and copper alloys . 
Atomic hydrogen welding equipment 

automatic heads. 

auxiliary equipment. 

characteristics, table. 

cylinders, hydrogen. 

electrode holders. 


218 

203 
266 
271 

94 

120 

204 
215 
206 
204 
206 
206 


electrode holders, table of currents 

for . 

electrodes . 

hydrogen . 

machine ratings. 

power supply . 

regulators... 

special requirements, machine.... 

Atomic hydrogen welding process.. 

a.c. welding.. 

A1 and A1 alloys.260, 

aluminum bronze. 

applications . 


206 

206 

206 

204 

205 

206 
205 
249 
252 
697 
756 
260 
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arc control panel. 254 

arc types.. 254 

auxiliary equipment. 255 

brasses . 756 

chromium steels.260, 635 

Cr-Ni steels.260, 659 

copper. 756 

Cu and Cu alloys. 260 

Cu-Ni alloys. 756 

current . 250 

current ranges and electrode ex¬ 
tension, table. 254 

definition . 249 

d.c. welding. 252 

dissociated ammonia. 254 

electrode holders.253, 254 

equipment used. 252 

estimating costs.260, 927 

fluxes . 260 

fundamentals . 249 

generation of heat. 63 

high-carbon steels. 259 

hydrogen.250, 253 

Inconel.260, 782 

jigs . 256 

joint types. 251 

low-alloy steels.259, 616 

machine welding data, table. 256 

machine welding equipment. 254 

manual welding data, table. 257 

manual welding equipment. 253 

methods . 256 

Monel.260, 782 

multiple units. 254 

nickel . 782 

phosphor bronze. 756 

positions of welding. 250 

pressure vessels and boilers. 1182 

principles of operation. 249 

protective clothing. 256 

silent arc. 250 

silicon bronze. 256 

stainless steels. 260 

techniques. 256 

tungsten electrodes. 255 

typical applications, table . 260 

weld properties. 251 

welding leads. 254 

welding rods. 259 

Atomic hydrogen welds, fatigue of.. 892 

Attachment of liners. 836 

Attachment welds, applied liners.. 833 
Austenite 

definition . 83 

plain carbon steel. 87 

Austenitic cast steels . 595 

Austenitic steels 

impact resistance. 882 


(see also Chromium-nickel steels, 
chromium steels and manganese 


steels) 

Austenitic chromium steels, metal¬ 
lurgy . 114 

Austenitic chromium-nickel steels, 

metallurgy . 112 


Austenitic manganese steel (see 
Manganese steel) 

Automatic welding 

carbon-arc welding.209, 

'gas welding....... 

pressure gas welding... 

shielded metal-arc welding. 

submerged arc welding. 

Automatic welding equipment (see 
Specific processes) 

Automotive products. 

A1 and A1 alloys. 

battery welding. 

body applications. 

bosses . 

brazing.512. 513, 1262, 

busses . 

cast iron. 

chassis . 

cold welding. 

Crosley engine. 

cross bars... 

cylinder block fabrication. 

cylinder block repair. 

double wrapped tubing. ...... 

engine block and head fabrication 
engine block and head repairs.... 

exhaust systems. 

flame softening. 

flash welding.1263, 1264, 

frames. 

fuel lines. 

fuel tanks.1264, 

general requirements. 

generator frames. 

inert arc welding. 

inspection . 

intermittent welding . 

low-alloy steels. 

materials used, table. 

mufflers. 

nickel and Monel electrodes. 

oil filters. 

oil pans. 

oxy-acetylene welding.1262, 

projection welding.402, 1262, 

propeller shafts. 

radiators . 

rear-axle housings. 

resistance welding.... 1262, 1263, 

rocker arms. 

seam welding.402, 

shielded metal-arc welding. 

.1260. 1262, 1264, 

single wrapped tubing. 

soft soldering.1262, 

spot welding.202, 1262, 1263, 

spot welding machines. 

starter motor. 

stud welding. 

tappets . 

tractors . 

trailers . 

trucks . 

valve mechanisms. 


225 

148 

175 

244 

207 


1258 
706 

1260 

1265 

1263 

1267 

1260 

590 

1263 
1260 
1261 

1264 
1261 

1259 
1262 

1260 

1259 
1262 

577 

1267 

1263 

1262 

1271 

1258 
1269 

269 

1260 
1260 

618 

1259 
1262 

1260 
1263 

1263 
1267 
1267 

1264 
1262 
1264 
1264 
1262 

1264 

1269 

1262 

1267 

1265 
1265 

1269 

306 

1262 

1271 

1271 

1269 

1262 
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X-sections. 1264 

wheels ..1265 

Auxiliary equipment 

atomic hydrogen welding.206, 255 

carbon-arc cutting. 552 

flash welding. 431 

inert arc welding. 268 

metal-arc cutting. 552 

oxy-arc cutting. 552 

oxygen cutting. 532 

pressure gas welding. 175 

AZ31X magnesium alloy. 718 

AZ61X magnesium alloy. 718 

AZ63 magnesium alloy. 718 

AZ80X magnesium alloy. 718 

AZ92 magnesium alloy. 718 


i 


* 


—B— 


B & S gage. 1565 

BTG alloy. 774 

B & W 700 and 701. 774 

Back heads, repair. 1224 

Back scatter. 975 

Back-step gouging. 558 

Backhand technique. 153 


Backings, submerged arc welding .. 276 

Backing rings 

oil, gas and gasoline pipe lines .. 

.1307, 1309 


piping......1345, 1346, 1353 

Backups, flash welding. 330 

Bainite . 91 

Balanced wave, a.c. inert arc ma¬ 
chines . 195 

Banded pressure vessels. 1192 

Bare metal-arc welding, automatic 

head . 214 

Bare metal-arc welding process.... 234 

arc crater. 236 

arc stability. 236 

arc voltage and arc length. 241 

contact electrodes . 241 

definition . 234 

design . 242 

distortion . 243 

electrodes . 243 

equipment used. 244 

joint preparation. 242 

machine welding eqpt. 244 

manual equipment. 244 

mechanism of weld deposition.... 234 

metallurgical effects. 244 

metallurgical zones. 236 

principles of operation. 234 

residual stresses. 244 

shrinkage . 243 

speed of welding. 241 

striking and holding arc . 241 

warping . 243 

weld quality. 244 

welding sequence. 244 

work handling eqpt. 244 

Base metal preparation (see Pre¬ 
paration for welding) 



Base plates, column. 1096 

Basic oxygen cutting procedures.... 521 

Batter . 1246 

Battery welding. 1260 

Bead weld test. 101 

Beam to column connections, bldgs. 1075 
Beam and girder connections, bldgs. 1095 

Beam line. 1074 

Bell and spigot joints, water pipe .. 1317 
Beryllium 

Cu and Cu alloys. 120 

Mg and Mg alloys. 718 

Bicycles, brazing.511, 513 

Billet centering. 559 

Binomial distribution. 1018 

Birmingham gage. 1565 

Blasting, metallizing. 484 

Blind joints, clad steels. 825 

Blowpipe (see Torches) 

Bodies, automotive. 1265 

Boiler Code.834, 1164, 1333 

Boiler shells, locomotive. 1218 

Boilers and pressure vessels. 1157 

acceptable nozzles and other con¬ 
nections . 1176 

allowable stresses. 1170 

application of materials, table.... 1171 

assembly .. 1180 

atomic hydrogen welding. 1182 

austenitic steels. 1167 


Boiler Code and 

Reqts., table. 

brazing . 

carbon-arc welding.. 

carbon steels. 

chromium steels.... 

clad steels. 

classification . 

codes and regulations 
comparison of types 

tion, table. 

construction factors.. 
construction methods 


API-ASME 

. 1162 

. 1183 

. 1183 

. 1166 

. 1167 

.1167, 1192 

. 1157 

. 1163 

of construc- 

. 1158 

. 1177 

. 1157 


corrosion resistant liners and clad 

Plates . }}92 

design . 1120 

design formulas...... 

design loading criteria. 1171 

elevated temperatures. ll°a 

etching ^. JJSj 

fabrication . 

field-assembled vessels. If™ 

finishing ... : . \}f 

fluorescent penetrant inspection... ijo' 

forge welding. JJL 

forming . }j 77 

girth scam welding. il/ ' 

hammer tests. 

hydrostatic tests. 

inert arc welding. 

inspection . 11Q7 

internally insulated vessels 

joint efficiencies.H 70 ’ 

local stress relief. ..^ 7 

low-alloy steels. 
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magnetic particle inspection. 1187 

materials . 1164 

max. allowable working stresses, 

table . 1173 

multi-layer or banded vessels- 1192 

nonferrous metals. 1167 

operating conditions. 1165 

peening . 1184 

plate layout . 1179 

pneumatic tests . 1189 

preheating ... 1184 

premium inspection . 1177 

preparation for welding. 1180 

* pressure gas welding . 180 

pressures . 1165 

production test plates. 1184 

production test requirements, 

table . 1160 

proof testing . 1189 

qualification of procedures . 1183 

qualification of welders . 1183 

radiographic inspection . 1186 

repairs . 1182 

resistance welding . 1183 

safe load limits. 1172 

sectioning. 1188 

shielded metal-arc welding . 1182 

specifications for principal mate¬ 
rials used, table . 1168 

stress relief .1178, 1185, 1191 

stress relief heat treatments, table 1185 

stud welding . 306 

submerged arc welding. 1182 

supersonic inspection . 1188 

supports . 1178 

thin-walled vessels . 1191 

trepanning . 1188 

ultrasonic inspection . 1188 

visual inspection. 1186 

working pressures . 1171 

working temperatures . 1172 

Boiler tubes, pressure gas welding . 180 

Bolsters, R.R. passenger cars . 1227 

Bolting, bldgs. 1112 

Boot, welding .210, 222 

Boron, Ni and Ni alloys. 115 

Boron bearing surfacing filler metal 869 

Bosses, automotive . 1263 

Brasses . 739 

alloy brass . 742 

• atomic hydrogen welding . 756 

brazing .511, 763 

carbon-arc welding. 748 

chemical composition and mechan¬ 
ical properties of wrought 
brasses, table. 740 

corrosion resistance . 908 

dezincification . 741 

general properties . 739 

high brass . 740 

inert arc welding. 756 

low brass . 739 

oxy-acetylene welding . 759 

penstocks and large diam. water 
pipe . 1321 


piping . 1346 

resistance welding... 762 

shielded metal-arc welding. 752 

stud welding ... 295 

submerged arc welding. 758 

surfacing . 479 

Braze welding 

irrm-s .’... 590 

cast steels . 

. 595 

corrosion resistance .. 

. 903 

Inconel . 

. 785 

locomotive repairs. 

.1222, 1224 

Monel . 

. 785 

nickel . 

. 785 

oxy-acetylene . 

. 154 

oxy-hydrogen . 

. 161 

piping .... ; . 

. 1365 

Brazed joints, design of . 

.872, 881 

Brazing alloys 

A1 and A1 allovs. 

.698, 867 

cast steels . 

. 596 

Cu and Cu alloys 

. 866 

copper phosphorus .... 

. 866 

flow point . 

. 864 

fluxes . 

. 867 

liquidus temperature .. 

. 864 

melting point . 

. 864 

properties of Cu and 

Cu alloys, 

table . 

. 867 

properties of silver alloys, table .. 866 

silver alloys. 

. 865 

solidus temperature ... 

. 864 

strength . 

. 864 

r.rnzin" nroresses . 

. 498 

..o i . . . 

aircraft . 

.1287, 1295 

A1 and A1 alloys. 

. 698 

aluminum bronze. 

. 764 

applications . 

. 511 

automotive products .. 


.512, 

513, 1262. 1267 

bicycles . 

.511, 513 

brass . 

.511, 763 

butt joints . 

. 500 

carbon steel . 

. 585 

cast irons . 

. 590 

cast steels. 

. 596 

chemical dip brazing . . 

. 510 

Cr-Ni steels . 

. 667 

cleaning . 

. 501 

clearances . 

. 499 

coated welding rods .. 

. 502 

copper . 

...511, 513, 763 

copper-beryllium alloys 

. 764 

Cu-Ni alloys . 

. 764 

definitions . 

. 498 

dip brazing . 

. 510 

dissimilar copper alloys 

. 764 

dissimilar metals . 

. 512 

electrical eqpt. 

.512, 513 

equipment used. 

. 503 

filler metal . 

.503, 863 

flow brazing . 

. 511 

flux compositions. 

. 502 

fluxes . 

. 501 

fundamentals . 

. 498 
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furnace brazing . 504 

furnaces . 504 

furniture . 511 

Inconel . 784 

induction brazing. 506 

jigs .. 502 

joint design. 499 

joint types . 499 

lap joints . 499 

locomotives . 1226 

low-alloy steels. 618 

Mg and Mg alloys . 733 

Monel . 784 

molten dip brazing . 511 

nickel . 784 

oxy-hydrogen flame . 161 

phosphor bronze. 764 

piping .512. 1346. 1358, 1365 

pressure vessels and boilers . 1183 

resistance brazing . 507 

scarf joints . 500 

silicon bronze . 764 

spelter solders . 498 

spot welding for jigging . 503 

steel .511, 513 

tolerances. 499 

torch brazing . 503 

tubular members . 499 

twin-carbon arc brazing. 511 

typical brazing applications, table 512 

visual inspection. 954 

Brazing sheet, A1 . 698 

Bridges . 1117 

allowable stresses, table. 1124 

A1 and A1 alloys . 706 

camber . 1122 

cast steels . 597 

clearances for welding. 1122 

codes and specifications . 1117 

Cooper’s E loadings . 1128 

design . 1118 

design details . 1122 

erection. 1132 

fabrication procedures . 1129 

field splices . 1121 

girder splices . 1121 

H loadings . 1123 

H-S loadings . 1123 

highway bridge loadings . 1123 

inspection . 1133 

inspector requirements . 1134 

joints for dynamic loading . 1120 

magnetic particle inspection . 1134 

materials . 1117 

painting. 1132 

qualification of welders . 1133 

radiography. 1134 

railroad bridge loadings. 1128 

splices . .. 1121 

street railway loadings. 1127 

trepanning . 1134 

types of joint . 1118 

types of weld . 1119 

visual inspection. 1134 

welded bridges, table. 1136 








workmanship . 1129 

wrought iron. 583 

Bridging 

arc and gas welds. 939 

flash welds. 423 

Brinell, conversion to Rockwell .... 1561 

Brinell hardness of metals . 1574 

Brittleness, low-alloy steels . 607 

Bronze 

penstocks and large diam. water 

pipe .. 1321 

stud welding . 295 

surfacing . 479 

surfacing materials . 473 

(see also Silicon bronze, phosphor 
bronze, etc.) 

Bronze surfacing (see Surfacing) 

Bucky grid . 980 

Buildings . 1072 

allowable eccentric loads, group of 

fillet welds. 1084 

allowable loads, fillet welds . 1082 

allowable loads, framed connec¬ 
tions . 1083 


allowable loads on stiffened seats 

.1087-1090 


allowable loads on unstiffened 


seats . 

allowable stresses . 

A1 and A1 alloys . 

beam to column connections 
beam and girder connections 

beam line . 

bolting . 

cast irons- ;••••. . 

codes and specifications ... 

column base plates . 

column splices. 

cover plates.. 

crane column splices . 

design ... 

design of connections. 

design of frames . 

design of welds . 

distortion . 

electrodes . 

end restraint, effect of. 

erection . 

estimating costs . 

fabrication tolerances . 

field welding. 

fillet welds .. 

girder details . 

girder splices . 

inspection . 

jigs . 

magnetic particle inspection 

materials . 

mill tolerances . 

multi-directional stresses .. • 

notch effect . 

painting . 

plate girders •••••• . 

qualification of welders .... 
radiographic inspection - 


. 1086 

. 1081 

. 706 

. 1075 

. 1095 

. 1074 

. 1112 

. 591 

. 1072 

. 1096 

. 1096 

. 1099 

. 1096 

. 1073 

1078, 1091 
.... 1074 
.... 1080 
.... 1106 
.... 1073 
.... 1075 
.... 1112 
.... 1115 
.... 1106 
.... 1073 
.... 1084 

.... noi 

.... 1098 
.... 1113 
.... 1112 
.... 11H 

.... 1072 
.... H06 
.... 1080 
.... 1078 

.... mo 

.... 1097 
.... 1H4 
.... 1114 
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residual stresses .. 1074 

rigid frame connections . 1091 

rigid frame details. 1109 

rigid frame details for short spans 1111 

rigid frames .1076, 1104 

safe beam loads for standardized 

connections . 1094 

semi-rigid frame connections ... 1094 


semi-rigid frames .1076, 1104 

shrinkage. 1108 

simple beam connections . 1091 

simple frames . 1076 

special beam end connections .... 1097 

special materials. 1073 

spot, seam and projection welding 402 
Standard Code for Arc and Gas 

Welding in Bldg. Constr. 1072 

standardized connections. 1092 


stud welding . 306 

suitable steels, table . 1072 

trepanning . 1114 

truss details .1105, 1107 

trusses . 1102 


types of construction. 1076 

visual inspection. 1114 

web crippling of beams on seats . 1085 

web stiffeners, girders . 1100 

wind-bracing connections . 1094 

workmanship . 1106 

Burn-off rate, electrodes.58, 60 

Burning in (see Flow welding) 

Busses, automotive . 1269 

Butane 


furnace brazing . 505 

oxy-acetylene welding . 133 

oxy-(other fuel gas) welding .... 163 

Butt joints 

brazing . 500 

clad steels . 826 


design of . 871 

piping . 1353 



Cable, welding 1 

inert arc welding. 201 

safe practices . 1062 

Cadmium 

in Cu and Cu alloys . 121 

metallizing . 496 

safe practices . 1069 

Calcium, effect on Mg and Mg alloys 719 


carbide-to-water type . 131 

water-to-carbide type . 131 

water recession type. 131 

Calcium tungstate screens . 978 

Calite N . 774 

Camber 

bridges . 1122 

railroad cars . 1229 

Car bodies 

automotive . 1265 

freight cars . 4238 

passenger cars, RR . 1229 i 


Car ends, freight cars. 1241 

Car sides 

freight cars . 1238 

passenger cars, RR .1229, 1234 

Carbide, for acetylene generation .. 130 

Carbide precipitation, Cr-Ni steels . 651 

Carbide surfacing materials .....480, 869 

Carbide-to-water generators . 131 

Carbohydrogen . 726 

Carbon 

effect on fatigue strength . 893 

effect on iron and steel wldg. rods 850 

effect on manganese steel . 672 

in carbon and low-alloy steels ... 108 

in Ni and Ni alloys. 115 

Carbon-arc cutting 

applications . 553 

auxiliary equipment . 552 

carbon and graphite electrodes ... 552 

current values for graphite elec¬ 
trodes, table . 552 

equipment used. 551 

principles of operation . 550 

Carbon-arc welding equipment. 209 

automatic welding heads .209, 222 

beam and carriage. 210 

boot .210, 223 

current conduction. 210 

electrode holders . 209 

filler metal feed . 210 

llux feed . 210 

fluxes . 223 

machine capacity and ratings .... 209 

machines . 222 

twin-carbon torch . 221 

welding lead controls .209, 222 

Carbon-arc welding processes . 220 

A1 and A1 alloys.230, 697 

aluminum bronze . 749 

applications . 224 

automatic welding . 225 

boot .210, 223 

brasses . 748 

butt joints, Al, table. 232 

butt joints, Cu alloys, table. 230 

butt joints (steel) with backing 

weld, table . 228 

butt joints (steel) with no filler 

metal or backing, table. 226 

butt joints (steel) with filler 

metal, no backing, table. 226 

butt joints (steel) with filler metal 

and backing, table . 226 

butt joints (steel) welded from 

both sides, table. 227 

butt joints (steel) welded from 

both sides with filler metal, table 226 

cast iron . 228 


copper .228, 747 

copper-beryllium alloys . .. 750 

corner joints (steel), table. 227 

corrosion resistance. 902 

currents and electrodes for steel, 

table . 224 

definitions . 220 
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dissimilar copper alloys. 751 

edge joints (steel), table.224, 227 

effect on base metal. 220 

electrodes for galvanized steel_ 228 

electrodes for steel . 224 

equipment used. 222 

estimating costs . 928 

fluxes .223, 228, 230, 231 

fundamentals . 220 

galvanized steel . 227 

Inconel . 783 

inert carbon-arc. 220 

lap joints (steel), table. 226 

machine settings for A1. 232 

manganese steel . 680 

Monel . 783 

nickel . 783 

pressure vessels and boilers . 1183 

principles of operation . 220 

shielded carbon-arc . 220 

silicon bronze.230, 749 

steel. 224 

twin boot . 223 

twin-carbon-arc . 220 

twin-carbon-arc torch. .... 222 

weld quality. 221 

welding heads, automatic. 222 

welding machines. 222 

welding rods .228, 231 

wrought iron. 583 


Carbon electrode arc welding (see 
Carbon arc welding) 

Carbon electrodes, inert arc welding 

.201, 265 

Carbon steels . 584 


aluminum in . 109 

arc welding . 585 

brazing . 585 

carbon, effect of. 108 

copper in .. 109 

copper-bearing . 584 

corrosion resistance . 902 

electrodes .585, 1508 

flame hardening . 571 

forge welding . 585 

gas welding ..158, 585 

general properties . 584 

high-carbon . 584 

how to weld . 585 

hydrogen, effect of . 107 

locomotives . 1224 

low-carbon . 584 

manganese, effect of . 108 

medium-carbon . 584 


metallurgy of .. 

oil, gas and gasoline pipe lines . . 

oxygen cutting . 

phosphorous, effect of . 

piping . : . 

pressure gas welding . 

pressure vessels and boilers . 

resistance welding . 


96 

1305 

547 

107 

1334 

177 

1166 

585 


silicon, effect of 


108 


stud welding . 293 

sulfur, effect of. 107 



surfacing filler metal. 868 

thermit welding . 585 

titanium, effect of . 109 

vanadium, effect of. 109 

zirconium, effect of. 109 

(see also Low-carbon steel, me¬ 
dium-carbon steel and high-car¬ 
bon steel) 

Carline, railroads. 1231 

Cars, passenger, RR . 1226 

Cassettes . 980 

Cast irons . 586 


alloy cast irons. 587 

applications . 590 

arc cutting. 554 

arc welding. 587 

arc welding technique. 588 

automotive engines.590, 1259 

braze welding. 590 

brazing . 590 

buildings . 591 

carbon-arc welding . 228 

chemical composition, table. 586 

chemical composition, alloy cast 

irons, table . 586 

color matching. *589 

corrosion resistance. 902 

flame hardening . 572 

flame softening . 577 

flash welding. 432 

gas welding technique . 589 

general properties . 586 

how to weld . 587 


locomotives.1223, 1224 


machinery . ; . 

mechanical properties, table 

mild steel electrodes . 

nickel core electrodes . 

oxygen cutting .. 

oxy-acetylene welding. 

pipe .. 

preheating.. 

preparation for welding 

repair welding . 

stress relief . 

studding . 

surfacing ... 

surfacing materials . 

thermit welding. 

tools .. 

torch tips . 

welding rods . 

Cast iron thermit. 

Cast steels . 

applications . 

arc welding, alloy steels 
arc welding, austenitic steels 
arc welding, ferritic steels . 

arc welding techniques. 

austenitic steels . 

braze welding. 

brazing . 

brazing alloys . 

bridges .. 

dissimilar cast steels. 


... 590 
... 586 
... 588 
.588, 857 
.545, 548 
159, 588 
... 590 
587, 588 
... 587 
... 588 
... 589 
... 588 
... 479 
... 480 
463, 590 
... 590 - 
,.. 589 
... 589 
... 450 
... 592 
.. 597 
.. 592 
.. 593 
.. 592 
.. 593 
.. 595 
.. 595 
.. 596 
.. 596 

.. 597 
.. 594 
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ferritic steels. 594 

flame softening. 577 

flash welding. 595 

foundries . 597 

gas welding .... 594 

general properties . 592 

how to weld . 592 

locomotives .597, 1223 

machinery . 597 

manganese steels . 594 

mechanical properties, table. 592 

metallurgical effects . 594 

ordnance ... 597 

pressure gas welding . 596 

ships . 597 

stress relief . 593 

surfacing manganese steels . 594 

surfacing materials . 480 

thermit welding . 596 

welding rods . 595 

Casting method of mfg. clad .steels . 803 

Castings 

A1 and A1 alloys . 705 

machinery construction . 1141 

Mg and Mg alloy . 731 

zinc alloy . 799 

Cathode spot. 235 

Caulking, ships . 1207 

Cavities (see also Porosity) ....944, 948 

Cementite, definition . 84 

Centigrade conversion to Fahrenheit 1558 1 

Center-punch layout of studs. 304 

Centrifugal blasting machines, 

metallizing . 492 

Certification of welders (see Quali- j 

fication of welders) ' 

Cerium, Mg and Mg alloys. 718 

Characteristic curves 

a.c. arc-welding machines . 184 j 

d.c. single-operator, motor-driven 

arc-welding machines . 190 

Charging crucibles, thermit welding 

.451, 458 

Charpy test . 92 

Chassis, automotive. 1263 

cross bars .1263, 1264, 1267 

frames . 1263 

fuel tanks .1264, 1271 

propeller shafts . 1264 

rear axle housings. 1264 

wheels. 1265 

X-sections . 1264 

Chemical analysis . 956 

Chemical compositions of metals, 

table . 1574 

Chemical dip brazing . 510 

Chemical effects of oxygen cutting 526 
Chemical effect on base metals, oxy¬ 
gen machining . 560 

Chemical lead . 792 

Chemical symbols of elements. 1576 

Chemical treatment, Mg and Mg 

alloys . 719 

Chemistry of oxygen cutting . 520 

Chip tests. 1571 


Chromel C . 774 

Chromium 

in Cu and Cu alloys. 121 

effect in gas weldg. rods. 851 

in low-alloy steels .108, 603 


Chromium clad steels {see Clad 
steels) 

Chromium irons (see Chromium 


steels) 

Chromium liners. 833 

Chromium low-alloy steels . 610 

Chromium steels . 620 

applications . 646 

atomic hydrogen welding.260, 635 

automotive products . 1269 

chemical composition, table . 620 

classification . 620 

columbium . 627 

cooling curves, high-carbon, Cr- 

Mo steels .625, 626 

cooling curves, low-carbon. Cr-Mo 
steels .623, 624 

corrosion test results (nitric acid), 

table . 621 

design . 630 

dissimilar combinations.639, 646 

effect of nitrogen on mechanical 

prop., table . 637 

electrodes . 629 

electrodes, austenitic . 635 

ferritic steels. 627 

field welding . 630 

flash welding. 639 

general properties . 620 

hardness survey of flash weld in 
4% Cr tubing after various heat 

treatments, table . 644 

hardness variation 4—6% Cr steel 631 
hardness variation 12—14% Cr 

steel . 633 

hardness variation 15-16% Cr 

steel . 634 

hardness variation 23-30% Cr 
steel . 638 


heat treatment 3-10% Cr steels . 643 

heat treatment 11-14% Cr steels 643 
heat treatment 14—18% Cr steels 645 
heat treatment 20-30% Cr steels 645 
heat treatment dissimilar combin¬ 


ations . 640 

how to weld . 628 

inert arc welding. 636 

interpass temperature control .... 629 

mechanical properties . 622 

mechanical properties, table . 621 

metallurgical properties . 622 

metallurgy of . 114 

molybdenum . 627 

piping . 1336 

preheating . 629 

pressure vessels and boilers . 1167 

protection against oxidation . 628 

seam welding . 638 

shielded metal-arc welding. 635 

spot welding . 637 
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storage tanks . 647 

submerged arc welding.281, 637 

surfacing filler metal. 868 

transition alloys . 627 

weld test data 4—6% Cr steel, table 631 
weld test data 12-14% Cr steel, 

table . 633 

weld test data 15-16% Cr steel, 

table . 635 

3-10% Cr steels. 620 

general properties . 620 

hardness variations . 631 

heat treatment . 643 

how to weld . 630 

weld test data, table. 631 

11—14% Cr steels. 620 

general properties . 620 

hardness variations . 633 

heat treatment . 643 

how to weld . 632 

weld test data, table. 633 

14-18% Cr steels .. 621 

general properties . 621 

hardness variations . 634 

heat treatment . 645 

how to weld . 632 

weld test data, table . 635 

20-30% Cr steel .. 621 1 

general properties . 621 

hardness variations . 638 

heat treatment . 645 

how to weld. 633 

Chromium and chromium-nickel 

steel electrodes .852, 1527 

corrosion resistance . 855 

Huey test. 856 

lime coverings . 855 

lime-titania coverings . 855 

mechanical properties . 855 

mechanical properties, table. 855 

specifications . 1527 

titania coverings . 855 

typical corrosion rates of weld 
metal in boiling nitric acid, table 856 

usability characteristics . 854 

usable positions and types of cur¬ 
rent, table ... .... 854 

Chromium and chromium-nickel 

steel weldg. rods . 857 

Chromium-nickel clad steels (see 
Clad steels) 

Chromium-nickel steels . 648 

ACI designations and composi¬ 
tions of castings, table ........ 649 

AISI type nos. and composition, 

table . 648 

annealing . 656 

applications . 671 

arc welding . 657 

atomic hydrogen welding.260, 659 

automotive products . 1269 

brazing . 667- 

carbide precipitation . 651 

classification . 648 

cleaning . 656 


current ranges for Cr-Ni elec¬ 
trodes, table .. 658 

design, spot welding . 665 

dissimilar metals . 670 

distortion, spot welding . 666 

double-vee submerged arc butt 

joints, table. 661 

electrodes.657, 852, 1527 

elements, effect of, table . 651 

flash welding . 667 

flux-oxygen cutting . 669 

fluxes . 663 

general properties . 648 

how to weld. 657 

Huey test. 655 

indentation. 666 

inert arc welding. 659 

influence of heat treatment on 

mechanical prop., table . 657 

intergranular corrosion test . 654 


658. 660, 663 


joint design, oxy-acetylene weld¬ 
ing .658, 661, 662 

mechanical properties . 648 

mechanical properties, submerged 

arc welds, table ... 661 

mechanical properties, welded 

joints, table. : . 668 

metallurgical characteristics ..112, 648 

microscopic examination . 655 

microstructure ... ; . 653 

oxy-acetylene welding .. # - 662 

oxy-arc cutting . 670 

oxygen cutting. 669 

passivating .. 656 

physical properties .. ; . 648 

physical and mechanical prop, of 

sheet, table . 650 

piping . 

postheat treatment .. noo 

preparation for welding . 658 

pressure gas welding . .. 665 

pressure vessels and boilers . 119/ 

projection welding . ; . 66 / 

residual stresses, spot welding .. 900 

seam welding . : . 

shielded metal-arc welding . 99 / 

shrinkage, spot welding. 900 

sigma phase . 

soft soldering . 99, 

spot welding . ^ 

stress corrosion . 656 

stress reliel . 294 

stud welding-.... 66 q 

submerged arc welding . 

surfacing filler metal. 

technique, gas welding • •••>. . ^4 

test of weld metal composition .. ° o* 

upset welding ."* ^49 

weld decay .. 550 

welding rods . 553 

welding sequence .. 954 

Circular magnetization . 12 I 8 

Circulators, firebox .. 523 

City gas, oxygen cutting. 
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Clad steels . 

applications ... 

arc and gas welding. 

blind joints . 

butt joints . 

casting method of mfgr.. 

chemical composition of cladding 

materials, table . 

cladding materials . 

cladding thicknesses . 

cleaning . 

copper claddings. 

corner joints . 

cover strips . 

current ranges for alloy electrodes, 

table . 

electrodes . 

electrodes, table . 

finishing . 

flux-oxygen cutting . 

general properties . 

heat treating . 

hot working .. 

hot working and annealing temp¬ 
eratures, table . 

how to weld. 

inadequate penetration . 

incomplete fusion . 

intermciting method of mfgr. 

lap joints . 

materials available . 

mechanical properties . 

methods of manufacture. 

oxygen cutting . 

passivating . 

pickling . 

porosity . 

preheating . 

preparation for welding. 

pressure vessels.831, 1167, 

roll welding . 

shielded metal-arc welding . 

silver claddings . 

stress relief . 

submerged arc welding. 

surfacing . 

tanks . 

tee joints . 

thermal conductivity. 

undercutting . 

weld defects. 

welding Cr-Ni claddings . 

welding Cu-Ni claddings. 

welding double clad steels . 

welding Inconel claddings . 

welding Monel claddings ... 

welding nickel claddings . 

welding straight Cr claddings ... 
welding procedures for 18-8 clad¬ 
dings . 

welding procedures for 25-12 clad¬ 
dings . 

welding procedures for Cr clad¬ 
dings .818, 

welding procedures for Inconel 


802 

831 

803 

825 

826 
803 

806 

803 

805 

805 

803 

825 

827 

816 

812 

816 

829 
809 
802 

807 

808 

807 
811 

828 
828 
803 

826 
803 
805 
802 

808 

830 

830 
828 
828 
808 

1192 

802 

811 

803 

829 

827 

827 

831 
826 
805 

828 
828 
817 
817 
826 
817 
817 
817 
816 

820 

821 

819 


claddings . 823 

welding procedures for Monel 

claddings .. • • • 824 

welding procedures for nickel 

claddings . 822, 823 

welding procedures, shielded 

metal-arc welding flat pos., table 813 

welding procedures, shielded metal- 
arc welding horiz. pos., table .. 814 

welding procedures, shielded 
metal-arc welding vert, pos., 

table. 815 

Cladding materials, clad steels. 803 

Cladding thicknesses, clad steels ... 805 

Clamping, flash welding . 429 

Classification 

chromium steels . 620 

Cr-Ni steels . 648 

low-alloy steels . 598 

oxygen-cutting processes . 518 

pressure vessels and boilers . 1157 

surfacing filler metal .470, 868 

Cleaning 

aircraft . 1294 

A1 and A1 alloys . 691 

brazing . 501 

Cr-Ni steels . 656 

clad steels . 805 

Inconel .775, 784, 785 

Mg and Mg alloys. 719 

Monel .775, 784, 785 

nickel .775, 784, 785 

piping . 1368 

soft soldering . 516 

spot, seam and projection welding 377 

storage tanks . 1153 

submerged arc welding. 274 

thermit welding . 452 

Clearances, brazing. 499 

Clearances for welding, bridges .... 1122 
Closed-joint method, pressure gas 

welding. 165 

end preparation . 168 

joint dimension data, table . 170 

method of heating . 165 

pressure and alignment. 168 

torches . 165 

typical pressure cycles, table .... 170 

upsetting. 170 

welding cycle . 169 

Coal mines, thermit welding . 462 

Coated steels 

corrosion resistance . 902 

spot, seam and projection welding 402 
Cobalt alloy surfacing materials 473, 480 
Code for Arc and Gas Welding in 

Bldg. Construction . 1072 

Code of Interchange Rules, AAR 

.1223, 1242 

Code for Pressure Piping ....1306, 1333 
Code for Unfired Pressure Vessels 
for Petroleum Liquids and 

gases, API-ASME . 1164 

Code requirements for thermal and 

mechanical treatments . 996 
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Codes and specifications 

bridges . 1117 

buildings . 1072 

locomotives .1215, 1222 

oil, gas and gasoline pipe lines .. 1305 
penstocks and large diam. water 

pipe . 1319 

piping ... 1333 

pressure vessels and boilers . 1163 

ships . 1195 

storage tanks . 1146 

water pipe lines . 1316 

Cold bending, gas pipe lines . 1312 

Cold pulling . 1368 

Cold welding .... 1260 

Color, identification of metal temp. 

by ... 1557 

Color matching, cast irons . 589 

Columbium, Cr steels . 627 

Column base plates, bldgs. 10% 

Column splices, bldgs. 1096 

Combustion of gases, generation of 

heat by . 61 

Combustion ratios of fuel gases .... 133 

Commercial forms and tempers, A1 

and A1 alloys . 687 

Commutator-controlled spot welding 

machines. 316 

Comparison of metal gages . 1565 

Completely reversed stress . 886 

Composite construction method, pipe 

lines. 1310 

Composite electrodes for Mn steels. 680 

Compressors, air, metallizing . 495 

Compressors, gas, metallizing . 495 

Conduction of heat . 63 

Cones, welding flame . 147 

Connections, bldg. ..1078, 1091 

Constant current machines . 237 

Constant energy machines. 237 

Construction factors, pressure ves¬ 
sels and boilers . 1177 

Construction methods, pressure ves¬ 
sels and boilers . 1157 

Construction practices, pipe lines 

.1309, 1317 

Consumable electrode method, inert 

arc welding . 269 

Contact electrodes .. 241 

Contactors, flash welding . 330 

Continuous backing rings ...1356 

Continuous method, magnetic parti¬ 
cle inspection .• • • 963 

Continuous motion seam welding 

.382, 385 

Contraction (see Shrinkage) 

Contraction allowances, thermit 

welding.• •. 452 

Control chart, statistical . 1032 

Control methods, statistical . 1032 

Controls 

a.c. arc welding ... 185 

a.c. inert arc welding .198, 266 

carbon-arc welding . 209 

contactors. 337 


current regulators, resist, weldg. . 345 

d.c. arc welding.189, 193 

flash welding ..330, 431 

heat controls, resistance welding. 344 

phase shift heat control. 344 

preheat and postheat controls, re¬ 
sist. weldg. ... 344 

pulsation weld timers. 342 

range of standard weld timers, 
pulsation weld timers, sequence 
weld timers and sequence 

timers, table . 344 

resistance welding . ..... 336 

sequence and sequence-weld timers 341 

stud welding .208, 297 

timing and sequence controls ... 339 

voltage regulators, resist, weldg. . 344 

Convection of heat.... 65 

Conversion of inches to millimeters 1564 

Cooling curves . 80 

Cooling curves, high-carbon, Cr-Mo 

steels .625, 626 

Cooling curves, low-carbon, Cr-Mo 

steels ...623, 624 

Cooperative training of welders ... 1054 

Cooper’s E loadings . 1128 

Copper . 737 

Al, effect on welding... 120 

ambient gases, effect on welding .. 118 

applied liners ... 833 

arsenic, effect on welding . 120 

atomic hydrogen welding ....260, 756 
beryllium, effect on welding .... 120 

brazing .511, 513, 763 

brazing alloys . ; . 866 

cadmium, effect, on welding .... 1-1 

carbon-arc welding.228, 747 

carbon and low-alloy steels . 109 

chemical comp, and mech. prop. 

of wrought copper, table . 73o 

chromium, effect on welding .... l-l 
corrosion resistance . •••• 

electrodes ..858, 1548 

general properties . 'A*' 

high-conductivity . {A- 

how to weld .... .,g 

induction welding . . 

inert arc welding ...^ /lf 

iron, effect on welding . ~ 

lead, effect on welding. {fi 

major alloying elements .. 11 

manganese, effect on welding .... 
mech. prop, of submerged arc ^.g 

welds, table . 495 

metallizing . 115 

metallurgy of . iig 

minor alloying elements. ^ 

nickel, effect on welding. • -*g 

oxy-acetylene welding . ’ 737 

oxygen-bearing. 739 

oxygen-free . 119 

oxides, effect on welding. 739 

piping . 
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pressure vessels and boilers . 1170 

resistance welding .401, 762 

shielded metal-arc welding. 751 

silicon, effect on welding. 122 

silver, effect on welding . 122 

soft soldering . 164 

submerged arc welding. 758 

surfacing . 479 

tin, effect on welding . 122 

tough-pitch . 737 

typical conditions for submerged 

arc welding, table . 758 

welding rods . 860 

zinc, effect on welding. 122 

Copper alloys . 737 

Al, effect on welding . 120 

ambient gases, effect on welding 118 

applications . 767 

applied liners . 833 

arsenic, effect on welding. 120 

atomic hydrogen welding ....260, 756 
beryllium, effect on welding .... 120 

braze welding . 759 

brazing . 763 

brazing alloys . 866 

cadmium, effect on welding . 121 

carbon-arc welding . 747 

chromium, effect on welding .... 121 

edge.preparation . 750 

electrodes .858, 1548 

electrode selection and preheat 

data, table . 752 

flow welding . 765 

gas welding. 759 

general properties . 737 

how to weld. 747 

inert arc welding . 756 

inert arc welding, table . 757 

iron, effect on welding. 121 

lead, effect on welding. 121 

major alloying elements . 117 

manganese, effect on welding .... 121 

mech. prop, of weld metal. 753 

metallurgy of . 116 

minor alloying elements. 118 

nickel, effect on welding . 121 

oxides, effect on welding. 119 

phosphorus, effect on welding .... 121 

piping . 767 

pressure gas welding . 177 

pressure vessels . 767 

railroads. 767 

seam and projection welding ..401, 763 

shielded metal-arc welding. 751 

silicon, effect on welding . 122 

silver, effect on welding . 122 

spot welding .401, 761 

spot welding copper alloys, table 763 

submerged arc welding .281, 757 

surfacing materials .473, 480, 869 

tanks . 767 

tin, effect on welding. 122 

welding rods . 860 

welding rods, inert arc welding, 

table . 757 


zinc, effect on welding. 122 

Copper-aluminum alloys . 744 

(see also Al bronze) 

Copper base surfacing filler metal 869 

Copper-bearing carbon steel . 584 

Copper-beryllium alloys . 747 

brazing . 764 

carbon-arc welding . 750 

chemical comp, and mech. prop, of 
wrought beryllium copper, table 747 

general properties . 746 

inert arc welding. 757 

oxy-acetylene welding . 761 

shielded metal-arc welding. 754 

submerged arc welding. 758 

Copper clad steels . 803 

Copper and copper-alloy electrode 

specifications . 1548 

Copper lead. 792 

Copper, effect in low-alloy steels ... 600 

Copper-nickel alloys . 745 

atomic hydrogen welding . 756 

brazing . 764 

chemical comp, and mech. prop, of 
wrought Cu-Ni alloys, table ... 746 

electrodes . 859 

general properties . 745 

inert arc welding. 757 

oxy-acetylene welding . 760 

piping ... 1346 

shielded metal-arc welding . 754 

submerged arc welding . 758 

welding rods . 862 

Copper-nickel-zinc alloys. 746 

(see also Nickel silver) 
Copper-phosphorus brazing alloys .. 866 

Copper-silicon alloys. 742 

(see also Silicon bronze) 

Copper-tin alloys . 743 

(see also Phosphor bronze) 

Copper-zinc alloys. 739 

(see also Brasses) 

Corner joints, clad steels. 825 

Corroding lead . 792 

Corrosion resistance . 901 

Al and Al alloys.703, 905 

arc welding . 902 

brass . 908 

braze welding . 903 

carbon-arc welding . 902 

carbon steel . 902 

cast iron. 902 

coated steels, spot welded. 902 

copper.. 908 

electrochemical potential . 903 

elevated temperatures . 904 

factors affecting corrosion . 901 

flash and upset welding .902, 952 

flux removal . 902 

forge welding . 902 

galvanized steel . 903 

Hastelloys . 905 

Illium . 905 

Inconel . 905 

Inconel-clad steels . 905 
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joint design . 901 

lead . 908 

low-alloy steels. 606 

Mg and Mg alloys .717, 725, 907 

metallizing. 496 

Monel . 905 

Monel-clad steels. 905 

nickel . 905 

nickel-clad steels . 905 

silicon bronze ... • • 908 

spot, seam and projection welding 

.....902, 949 

stainless steel . 903 

stress corrosion. 902 

wrought iron. 902 

Corrosion resistant liners and clad 

plates . 1192 

Corrosion tests 

Cr-Ni steels . 654 

Huey test . . • • -655, 856 

Corrosive fluxes, soft soldering ... 515 

Cor-ten steel . 602 

Costs . 909 

(see also Estimating costs) 

Cover plates . *699 

Cover strips, clad steels. 

Cracking. Q - 

tests . 95 

thermal and mech. treatments for 989 

weld metal. 

Cracks 

A1 and A1 alloy spot welds. 703 

arc and gas welds . 972 

fireboxes. 1222 

flash and upset welds . 95U 

low-alloy steels .• --- • 611 

Mg and Mg alloy gas welds ../24, /28 
radiography. 972 

ships . 1208 

spot, seam and projection welding 

1 /.397, 944 

Crane column splices... 1096 

Crankcase, Diesel locomotives .... Ijjo 
Crankshaft repairs, thermit welding 460 

Crater . 236 

Crater cracks 

arc and gas welds . 941 

magnetic particle inspection . 959 

Crater fillers 

arc welding ... yl^ 

inert arc welding . 1 99 

Crimping, soft soldering . 516 

Crosley automotive engine .... 1-61 

Cross bars, automotive chassis .... 1264 

Cross-wire welding. 388 

Inconel . ™ 

Monel . ™ 

nickel. 

Crossings, track..... 

Crucibles, thermit welding . ^ 

Crucible guns, metallizing . 4V4 

Crystallization of metals . °5 

Cup joints, lead piping. IdOU 

Cupped torch tips . 103 


Current, spot, seam, projection weld¬ 
ing ..... 363 

Current characteristics, drooping .. 237 

Current control, inert arc welding 267 
Current distribution, spot welding .. 371 

Current regulators, resistance weld¬ 
ing . 345 

Currents, and electrodes for carbon- 

arc welding steel, table . 224 

Cutting ( see Oxygen cutting and arc 
cutting) 

Cutting tips, oxygen cutting .. 521 

Cycle counter, resistance welding .. 360 
Cylinders 

acetylene . 132 

argon. 203 

helium. 203 

hydrogen .162, 206 

manifolding . 136 

oxygen .. 136 

safe practices .. luol 

Cylinder block fabrication, automo¬ 
tive . J261 

Cylinder block repairs, automotive 1259 
Cylinders, locomotive . 1219 


Defects revealed, radiography ..... 972 

Definitions of welding terms . J 

Defluxing, aircraft. ; ./ • • 1^91 

Demagnetization, magnetic particle 

inspection ... 965 

Dendrite, definition . ** 

Density of elements. J 3 '- 

Density test, weld metal. 1444 

Deposition factors for electrodes ... 9^1 

Deseaming (see Scarfing) 

Design 1774 

aircraft .. 

applied liners .•-. ^ 

buddings' . 1073, 1078; 1091 

chromium steels . qqq 

estimating costs . 

flash welding . ^15 

locomotives . ^4 

low-alloy steels. 

machinery .. 242 

metal-arc welding .. . 

oil, gas and gasoline pipe lines ... 

penstocks and large diam. wa \t>22 

. pjp e . . .;;; 1353 

pressure vessels and boilers . Jgj 

RR passenger cars . 1197 

spot welding, Cr-Ni steels .^147 

storage tanks . 

Design details H22 

bridges .* 1141 

machinery ..*!.’!!!.. 1199 

Design formulas, pressure vessels 
and boilers . 
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Design loading criteria, pressure 

vessels and boilers . 1171 

Design of welded joints. 871 

Design of welds, buildings . 1080 

Desilverized lead . 792 

Destructive tests . 981 

pressure gas welding. 175 

Dezincification . 741 

Die burns. 950 

Die welding ..... 447 

Dies, flash and upset welding. 336 

Diesel electric locomotives . 1225 

Dimensional defects, arc and gas 

welds.... 936 

Dimensional stability . 991 

Dimensional standards, piping 1334, 1345 

Dip brazing. 510 

A1 and A1 alloys ... 699 

chemical dip brazing. 510 

chemical furnaces. 510 

heating and control eqpt. 511 

Mg and Mg alloys. 733 

molten metal dip brazing . 511 

salts used. 511 

Dip soldering . 517 

Dipper teeth, manganese steel . 684 

D.C. arc welding machines . 188 

capacity, multiple-operator . 195 

characteristic curves, single-oper¬ 
ator, motor-driven. 190 

control devices, single-operator, 

engine-driven . 193 

control devices, single-operator, 

motor-driven . 189 

engine-driven, single-operator ... 193 

engines for single-operator, en¬ 
gine-driven . 193 

inert arc welding. 199 

installation, single-operator, 

motor-driven . 192 

maintenance, single operator, mo- 

tor-driven . 193 

motor-driven, single-operator .... 188 

multiple-operator . 194 

parallel operation, multiple-opera¬ 
tor . 195 

parallel operation, single-operator. 

motor-driven . 189 

power supply, single-operator. 

motor-driven .. ... 189 

principles of operation, multiple- 

operator . 195 

principles of operation, single- 

operator, motor-driven . 190 

ratings, single-operator, motor- 

driven, table. 188 

safe practices.193. 1061 

single-operator, rectifier type ... 194 

submerged arc welding. 207 

Direct welds, seam welding.. 384 

Dissimilar cast steels, arc welding 594 

Dissimilar copper alloys . 751 

brazing . 764 

carbon-arc welding . 751 

inert arc welding . 757 



i 


I 


oxy-acetylene welding . 761 

shielded metal-arc welding . 755 

submerged arc welding. 758 

Dissimilar metals 

arc welding, cast steels . 594 

brazing . 512 

Cr steels .639, 646 

Cr-Ni steels . 670 

Cu alloys . 751 

flash welding. 432 

Inconel . 788 

inert arc welding. 271 

lead . 797 

Monel . 788 


nickel . 

piping ... 

pressure gas welding. 

spot, seam and projection welding 

Dissipation of heat. 

comparison of conduction, convec¬ 
tion and radiation . 

by conduction . 

by convection. 

by radiation.;. 

reversible heat . 

Dissociated ammonia 


788 

1360 

177 

402 

63 

67 
63 

65 

66 

68 


atomic hydrogen welding . 254 

furnace brazing . 505 

Distortion. 74 

A1 and A1 alloys . 692 

buildings. 1106 

control of. 989 

flame hardening . 572 

machinery construction . 1144 

Mg and Mg alloys . 724 

oxy-acetylene welding . 154 

piping.1366, 1367 

railroad cars . 1235 

ships .. 1208 

spot welding Cr-Ni steels . 666 

spot, seam and projection welding 394 

submerged arc welding . 274 

Door, firebox . 1216 

Double Strength steel . 602 

Double-wrapped tubing . 1262 

Drag . 529 

Drawing. 987 

Drooping volt-ampere characteristics 237 
Dry-disc rectifier resistance welding 

machines . 348 

Dry method, magnetic particle in¬ 
spection . 961 

Ductility 


flash and upset welds 

free-bend test . 

spot, seam and projection welds .. 

Duplex (aluminum) bronzes . 

Duranickel . 

Dust . 

Dynalloy steel . 


951 

1455 

946 

744 

770 

1068 

602 


E308 electrodes .853, 1527 

E309 electrodes .853, 1527 
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E310 electrodes .853, 1527 

E316 and E317 electrodes.853, 1527 

E330 electrodes .853, 1527 

E347 electrodes .854, 1527 

E410 electrodes .854, 1527 

E430 electrodes .854, 1527 

E502 electrodes .854, 1527 

E6010 electrodes .843, 1508 

E6011 electrodes .844, 1508 

E6012 electrodes .845, 1508 

E6013 electrodes .846, 1508 

E6015 electrodes .847, 1508 

E6016 electrodes .848, 1508 

E6020 electrodes .849, 1508 

E6030 electrodes .849, 1508 

EXX10 electrodes .844, 1536 

EXX11 electrodes .845, 1536 

EXX13 electrodes .846, 1536 

EXX15 electrodes ..847, 1536 

EXX16 electrodes .849, 1536 

EXX25 and EXX26 electrodes .849, 1536 

EXX30 electrodes .849, 1536 

ECu electrodes.858, 1548 

ECu A1 electrodes .860, 1548 

ECu Si electrodes .859, 1548 

ECu Sn electrodes .859, 1548 


Edge preparation 

A1 and A1 alloys. 695 

Mg and Mg alloys. 721 

piping . 1361 

pressure gas welding ..168, 171 

(see also Preparation for welding) 

Edge distance, spot, seam and pro¬ 
jection welding. 398 


Effect of alloying elements 

gouging . 

hogging .. . .. 

oxygen cutting . 

oxygen drilling. 

oxygen turning. 

scarfing .. 

surface planing. 


561 

561 

527 

561 

561 

561 

561 


Effect of coating stresses, metalliz¬ 
ing . 


489 


Effect of oxygen cutting on micro¬ 
structure . 524 



Effect of oxygen purity on oxygen 

cutting. 

Effect of process on base metals 

arc cutting. 

carbon-arc welding . 

flash welding . 

gouging. 

hogging ... 

metal-arc welding . 

metallizing. 

oxygen drilling. 

oxygen turning .... 

pressure gas welding. 

scarfing .... 

spot, seam and projection welding 

submerged arc welding. 

surface planing. 

surfacing . 


523 

551 
220 
424 I 
560 
560 | 
243 : 
488 
560 
560 
172 
560 
394 
272 
560 
480 


Effect of surface preparation, metal¬ 


lizing . 489 

Effect of temperature and time on 

stress relief . 1002 

Efficiency of tee joints, ships . 1202 

Electric arc. 56 

recovery voltage . 59 

reignition . 59 

stability . 59 

thermal time constant .56, 59 

Electric bonding .484, 492 

Electrical characteristics, resistance 

welding. 345 

Electrical equipment 

brazing .512, 513 

metallizing. 496 

spot, seam and projection welding 402 
Electrical protective devices, resist¬ 
ance welding. 358 

Electrical resistance, theory . 61 

Electrical units, conversion to heat 

and mechanical . 1557 

Electrochemical potential . 903 

Electrochemical stored-energy ma¬ 
chines . 352 


Electrode clearance, resistance weld¬ 
ing .. 398 

Electrode consumption, estimating 

costs ... 916 

Electrode force, resistance welding . 365 

Electrode holders 

arc welding.. 218 

atomic hydrogen welding .206, 253, 254 

carbon-arc welding . 209 

inert arc welding .199, 265 

safe practices. 1062 

spot welding ... 332 

twin-carbon arc welding ... 222 

Electrode maintenance, resistance 

welding . ; .333, 399 

Electrodes, arc welding . 843 

A1 and A1 alloy ... .692, 694, 852, 1523 

aluminum bronze.860, 1548 

applied liners. °3~ 

arc cutting ... 552 

atomic hydrogen welding . 206 

austenitic, for low-alloy steels- 616 

austenitic, for manganese steel ... 680 

bare, for manganese steel . 680 

buildings . °^n 

burn off rate . 

carbon for inert arc welding .... 

carbon steel . 

Cr and Cr-Ni . .629, 63S, 657, 852, 1527 

clad steels ... 

composite electrodes, for manga- 

nese steel . nA1 


HOC . 241 

Contact electrodes .^ 4g 


copper ...j ’ 

copper and copper alloy electrodes, 

table ... 

copper-nickel .. 

corrosion rates of corrosion-re- 
sisting weld metal in boiling 


859 

859 
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nitric acid, table. 856 

covered, for manganese steel .... 680 

function of covering constituents 240 

Hastelloy . 858 

Illium . 858 

Inconel .780. 857 

inert arc welding. 201 

ingot iron . 584 

low-alloy steel.616, 843, 1536 

manganese steel . 680 

mech. prop, of Cr and Cr-Ni weld 

metal, table . 855 

mech. prop, of Cu and Cu alloy 

electrodes, table . 859 

mech. prop, of mild steel weld 

metal, table . 847 

mild steel .843, 1508 

mild steel for cast iron. 588 

Monel.780, 857 

nickel .780, 857 

nickel-chromium. 858 

nickel and Monel for cast iron 588, 857 

oil, gas and gasoline pipe lines .. 1306 

operating characteristics of mild 
steel and low-alloy steel elec¬ 
trodes, table. 851 

penstocks and large diam. water 

pipe .1321, 1327 

phosphor bronze .859, 1548 

ships . 1197 

silicon bronze .859, 1548 

storage tanks . 1147 

submerged arc welding. 280 

surfacing . 47? 

tungsten, for atomic hydrogen 

welding. 255 

tungsten, for inert arc welding.. 265 

usable positions and types of cur¬ 
rent for Cr and Cr-Ni elec¬ 
trodes, table. 854 

wrought iron. 582 

Electrodes, resistance welding . 330 

A1 and A1 alloys . 701 

flash and upset welding. 336 

Inconel . 785 

Mg and Mg alloys . 729 

Monel . 785 1 

nickel . 785 

resistance brazing .. 509 

spot, seam and projection welding 

..332. 366 

Electrode Specifications . 1508 

Electrolytic tough pitch copper . .. 737 

Electromagnetic stored-energy ma¬ 
chines . 551 

Electronic contactors . 337 

Electronic strain gage, resistance 

welding.. • • 360 

Electrostatic stored-energy machines 350 

Elements and their properties . 1576 

Elevated temperatures 

corrosion . 904 

low-alloy steel properties . 608 

pressure vessels and boilers . 1165 

Embrittlement, manganese steel .... 674 


Emissivity of some metals. 67 

Empire 60-20 . 774 

End restraint, effect of. 1075 

Ends, RR passenger cars ....1232, 1234 
Endurance limits, pressure gas welds 173 

Endurance ratio . 888 

Engine blocks, automotive 

fabrication . 1261 

repairs . 1259 

Engine-driven a.c. inert arc welding 

machines . 199 

Engine-driven single-operator d.c. 

welding machines . 193 

control devices . 193 

engines for . 193 

Engine heads, automotive 

fabrication . 1261 

repair . 1259 

Engines, automotive . 1259 

block head fabrication . 1261 

block head repairs . 1259 

bosses . 1263 

Crosley engine . 1261 

cylinder block repairs. 1259 

cylinder head fabrication . 1261 

exhaust systems . 1262 

fuel lines. 1262 

mufflers . 1262 

oil filters . 1263 

oil pans. 1263 

radiators . 1262 

rocker arms. 1262 

tappets . 1262 

valve mechanisms . 1262 

Engines for arc welding machines .. 193 

Engineering tables. 1555 

Engineers, welding, training . 1058 

Equilibrium diagrams . 80 

cooling curves. 80 

determination . 81 

eutectic . 81 

eutectoid. 83 

intermetallic compounds . 82 

iron-carbon diagram . 83 

solid solutions. 81 


solidification of alloys . 82 

Equipment and materials 

accessories for arc welding. 217 

accessories for gas welding . 150 

air-acetylene welding . 164 

arc welding . 182 

atomic hydrogen welding ....204, 252 

automatic gas welding . 148 

brazing processes. 503 

carbon-arc cutting . 551 

carbon-arc welding .209, 222 

electrodes, arc welding . 843 

electrodes, resistance welding .... 330 

flame hardening . 574 

flame softening. 577 

flash welding .325, 431 

gas welding . 129 

gouging. 562 

hogging . 564 

induction welding . 466 
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inert arc welding-195, 265, 696, 720 

machine arc welding, special eqpt. 210 
magnetic particle inspection .... 965 

metal-arc cutting . 551 

metallizing. 492 

oxy-acetylene welding . 156 

oxy-arc cutting . 552 

oxy-hydrogen welding . 161 

oxy-(other fuel gas) welding ... 163 

oxygen cutting processes . 530 

oxygen drilling . 564 

oxygen turning . 564 

percussion welding .354, 445 

pressure gas welding .149, 175 

projection welding . 312 

resistance welding . 308 

safe practices . 1060 

scarfing. 562 

seam welding . 318 

shielded metal-arc welding ..182, 244 
spot welding 308, 728, 1231. 1235, 1265 

stud welding .208. 295 

submerged arc welding .206, 278 

surface planing . 564 

thermit welding . 450 

upset welding . 323 

welding rods and fluxes .149, 157 

Equivalent values of electrical, me¬ 
chanical and heat units . 1577 

Erection 

bridges . 1132 

buildings . 1112 

penstocks and large diarn. water 

pipe . 1325 

RR passenger cars . 1234 

Estimating costs. 909 

aluminum, arc welding. 927 

arc time .914. 920 

atomic hydrogen welding ....260, 927 

buildings . 1115 

carbon-arc welding . 928 

consumption rates for tungsten 
electrodes and hydrogen, table.. 928 

cost data for manual oxy-acetylene 

welding, table . 930 

cost estimate for manual arc weld¬ 


ing 


923 


cost factors for E6010 electrode, 

flat position, table . 918 

deposition factors for electrodes . 921 

design . 909 

distribution of electrode, table .. 917 

effect of labor on total cost. 915 

electrode consumption . 916 

estimate or production record. 

table . 923 

filler metal . 912 

fillet weld data . 922 

fixtures . 911 


general factors 


909 


groove welds . 923 

jigs ; . 910 

machine atomic hydrogen welding 

data, table . 929 

manual atomic hydrogen welding 


data, table . 928 

melting rate . 919 

melting time . 919 

operator factors . 913 

oxy-acetylene welding . 931 

pounds of metal melted per arc 

hour, table . 919 

production estimates . 920 

quantity of metal deposited. 919 

quantity of metal melted . 919 

sample estimates. 924 

scrap vs. total material cost. 910 

shielded metal-arc welding_916, 923 

stainless steel, arc welding. 926 

steps in estimating . 924 

submerged arc welding. 929 

three-factor estimates . 920 

welding time . 914 

Etch test . 1446 

Etchants . 957 

Etching . 1443 

Inconel . 788 

Monel . 788 

nickel . 788 

pressure vessels and boilers .... 1188 

surfacing . 482 

Ethane, for gas welding . 133 

Eutectic alloy, definition . 81 

Eutectoid . 83 

Excess concavity . 937 

Excess convexity . 937 

Exhaust equipment, metallizing .. 495 

Exhaust systems, automotive. 1262 

Expansion and contraction . 68 

general theory . 68 

reaction stresses . 69 

residual stresses . 69 

thermal stresses . 69 

Expansion of metals . 1560 

Exposure factors, radiography .... 977 

Expulsion . 948 

External cooling, seam welding ... 387 

Eye protection, safe practices. 1067 


—F— 


Fabrication _ 

aircraft . 1^90 

applied liners . 

bridges . 29 

buildings ... 

machinery construction . ll 4 '* 

penstocks and large diam. water 

pipe . : . 

pressure vessels and boilers. Wat, 

RR tank cars . 

Face-bend test . 

Face plates, ships . ] J.. Q 

Face shields... 1(K * 

Facing {see Surfacing) # 

Factors affecting corrosion resist- 

ance .. qoq 

Factors in estimating costs ...... 

Fahrenheit, conversion to Centigrade lw 

Fahrite N5 . 
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Fairing tolerances, ships ....1210, 1213 


Fatigue limit . 886 

Fatigue ratio . 888 

Fatigue strength. 884 

alloying elements, effect of. 893 

alternating stress . 886 

annealing, effect of . 893 

atomic hydrogen welds . 892 

carbon effect of . 893 

completely reversed stress . 886 

effect of rest on butt welds in car¬ 
bon steel plate, table. 896 

endurance limit of rails, table ... 899 

endurance ratio . 888 

fatigue limit. 886 

fatigue limits ill low-carbon steel. 891 

fatigue ratio. 888 

hot forging, effect of. 893 

low-carbon steel. 891 

low temperatures . 893 

machine parts . 898 

machining, effect of . 893 

Mg and Mg alloys. 725 

nature and significance of failure . 884 

nomenclature for repeated stresses, 

table. 887 

peening, effect of . 893 

periods of rest, effect of . 896 

pulsating stress . 885 

pulsating stress . • 885 

RR rails .. 898 

range ratio . 886 

repeated stress . 885 

reversed stress . 885 

strength of butt weld in carbon 

steel plate, table .. 894 

strength of plates with trans¬ 
verse fillet welds, table . 898 

strength of welded specimens . .. 889 

stress raisers . 884 

stress relief, effect of . 893 

structural parts . 894 

testing machines and specimens . 888 

transverse fillet welds, effect of . . 896 

welded vs. riveted joints . 897 

Wilson testing machine . 890 

Fernite No. 1 . 774 



surfacing filler metal) . 
Filler metal feed 

bare metal-arc welding ... 

carbon-arc welding . 

inert arc welding ....... 

shielded metal-arc welding 
Filler metal specifications .. 
Fillet welds 

design . 

estimating costs . 

piping . 

Fillet-weld-break test . 

Film, radiographic. 

Film-handling marks . 

Film-processing marks. 

Filters, air, metallizing. 

Finishing 

A1 and A1 alloys . 

clad steels . 

Inconel . 

metallizing. 

Monel . 

nickel . 

piping . : - 

pressure vessels and boilers 

surfacing . 

Firearmor . 


... 843 

... 214 

... 210 
203, 268 
... 214 

... 1508 

... 872 
... 922 

... 1354 
... 1459 
... 979 

... 975 
... 974 

... 495 

... 692 

... 829 
,780, 784 
... 487 

,780, 784 
.780, 784 
... 1368 
... 1184 
... 481 

... 774 


Fire hazard, Mg and Mg alloys .. 717 

Fire prevention . 1063 

arc welding . 1063 

gas welding. 1064 

oxygen cutting . 1064 

resistance welding . 1063 

thermit welding . 1064 

Firing-line method, oil, gas and 

gasoline pipe lines . 1309 

Fisheyes . 107 

Fittings 


piping . 1356 

Fit-up 

aircraft ...1290, 1291 

machinery construction . 1144 

Fixtures 


estimating costs . 911 

flash welding . 328 

machinery construction . 1144 


Ferrite, definition . 

Ferritic cast steels. 

Ferritic chromium steels . 

Ferrules, stud welding . 

Field assembled pressure vessels . . 

Field splices, bridges . 

Field welded storage tanks (see 
Storage tanks) 

Field welding 

applied liners . 

buildings . 

chromium steels . 


84 
594 
627 
300 
1190 
1121 


839 

1073 

630 


oil, gas and gasoline pipe lines .. 1305 


penstocks and large diam. water 

pipe . 1328 

water pipe lines . 1317 

Filler metal (see also Electrodes. 


welding rods, brazing alloys and 


piping . 

railroads . 

seam welding . 

(see also Jigs) 
Flame adjustment 
oxy-acetylene flame 
oxy-hydrogen flame 
Flame cleaning 

Flame cones . 

Flames, gas welding . 

Inconel . 

Monel . 

nickel . 

Flame hardening 

acetylene . 

applications . 

carbon steels . 

cast iron . 


. 1362 

1234, 1239 
. 321 


... 152 

... 161 
568, 577 
... 147 

... 152 

... 783 
... 783 

... 783 

... 568 

... 575 

... 575 
... 571 
... 572 
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composite properties of pretreated 


steels, table . 573 

definition . 568 

distortion . 572 

equipment used . 574 

flame hardness of cast irons, table 573 

flame hardness of steels, table ... 573 

hardness and constitution of flame 

hardened surfaces, table . 573 

heat treatment . 572 

hose. 575 

machinery . 575 

miscellaneous procedures. 571 

oxygen ... 575 

physical properties of flame hard¬ 
ened parts . 572 

principles of operation . 568 

progressive cylindrical method . 570 

progressive hardening . 569 

progressive spinning method, cy¬ 
lindrical surfaces . 570 

rail ends . 1253 

regulators . 575 

special equipment . 575 

spinning methods, cylindrical sur¬ 
faces . 569 

spot hardening . 568 

techniques . 568 

torches . 574 

Flame shrinking .568, 578 

Flame softening . 576 

applications . 577 

automotive products . 577 

cast iron and cast steel . 577 

definition . 568 

equipment used . 577 

machinery . 577 

principles of operation . 576 

techniques. 576 

Flame straightening .568, 578 

Flame strengthening .568, 577 

Flame tests, metal identification .. 1572 

Flanges, piping . 1356 

Flash and upset welds 

corrosion resistance . 952 

cracks . 950 

die burns . 950 

ductility . 951 

misalignment. 950 

non-uniform heating . 950 

penetration . 951 

porosity . 951 

slippage. 950 

strength . 951 

surface appearance. 950 

surface burns. 950 

upset . 950 

weld size. 951 

welding defects . 950 

Flash welding equipment qualifica¬ 
tion, aircraft . 1298 

Flash welding machines .325, 431 

backups and locators. 330 

clamping mechanisms . 328 

controls . 330 


dies and electrodes. 

. 336 

fixtures . 

. 328 

general construction . 

- 325 

operation of fixtures. 

- 329 

transformers and regulators 

.... 327 

upset mechanisms . 

.... 326 

Flash welding process . 

.... 421 

accident prevention . 

.... 1065 


aircraft .1280, 1291 

A1 and A1 alloys . 704 

applications . 432 

automotive products ..1263, 1264, 1267 

auxiliary eqpt. 431 

bridging . 423 

carbon steel . 585 

cast iron . 432 

cast steels . 595 

chromium steels . 639 

Cr-Ni steels . 667 

clamping . 429 

controls . 431 

corrosion resistance . 902 

data for solid round, hex, square 
and rectangular bars, table ... 440 

data for tubing and flat sheets, 

table . 439 

definition . 421 

design . 426 

dissimilar metals . 432 

effect on materials. 424 

effect of variables on quality .... 426 

equipment used .325, 431 

flashing. 422 

fundamentals . 421 

heat balance . 427 

Inconel . 786 

ingot iron. 584 

inspection and testing . 430 

lead . 432 

low-alloy steel .432, 617 

Mg and Mg alloys . 735 

max. diam. for tubing, table- 431 

max. joint lengths for sheet, table 430 

Monel . 786 

nickel. 786 

nonferrous metals .. 432 

pressure vessels and boilers . U83 

principles of operation . 421 

recommended practices. 433 

sequence of operations . 421 

tin . 432 

upsetting . 

weld quality. 423 

welding schedules . 


zinc 


432 


. A OO 

Flashing .. y ^ 

Flat tips for oxy-hydrogen weld¬ 


ing 


162 

Flicker, lamp . j??? 

Flow brazing . 5 

Flow meters 257 

inert arc welding . 

metallizing . 

Flow point . 
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Flues, firebox . : . 

Fluorescent penetrant inspection ... 

aircraft .. 

applied liners . .. 

automotive engines . 

basic principles . 

large weldments. 

leak testing . 

lined vessels . 

piping . : . 

pressure vessels and boilers . 

small weldments. 

techniques. 

Fluorides . 


1216 

968 
1297 

842 

1260 

969 

969 

970 
969 

1370 

1187 

969 

969 

1069 


Flux cutting (see Flux-oxygen cut¬ 
ting) 

Flux feed, carbon-arc welding ..210, 224 
Flux filled studs. 292 


Flux injection cutting (see Flux- 
oxygen cutting) 

Flux-oxygen cutting . 543 

Cr-Ni steels. 669 

clad steels . &09 

Inconel . 

Monel . 286 

nickel . / °6 

Flux or powder hopper, flux-oxy¬ 
gen cutting . 532 

Flux removal 

A1 and A1 alloys. '00 

corrosion resistance . 902 

Fluxes .. })}9 

A1 and A1 alloys 231, 260, 690, 697, 698 

brazing..501, 867 

carbon-arc welding . -23 

Cr-Ni steels . 663 

copper ....228, 260 

forge welding . zV. 

Inconel .283, /84 

Mg and Mg alloys .226, 733 

Monel .283, 784 

nickel . 283, 784 

oxy-acetylene welding 149, 157, 663, /83 

safe practices . 1069 

silicon bronze . 230 

soft soldering . 515 

submerged arc welding . 280 

Folding, soft soldering ... 516 

Foot equivalents for inches and 

fractions . |562 

Force conversion factors . 1579 

Force-feed blast generators, metal- 

lizing. . 592 

Forehand technique . 

Forge welding . 447 

carbon steel . 585 

corrosion resistance .. 90- 

pressure vessels and boilers. 1158 

wrought iron ..; • • 581 

Forging pressure, resistance welding 376 

Forging thermit .. •••;•• 450 

Formation of projections, projection 

welding. 587 

Forming, pressure vessels and boil¬ 
ers . H29 


Forms available, soft solders. 515 

Formulas, weld stress . 1566 

Foundries 

arc cutting. 554 

cast steels . 597 

metallizing. 496 

Fourier’s equation of heat flow ... 63 

Fracture, identification of metals by 1570 

Fracture of metals. 91 

Charpy impact test . 92 

weld metal cracking . 95 

weld metal cracking tests . 95 


Frames 

automotive chassis. 1263 

buildings .1091, 1109, 1111 

Frames, repair, locomotives . 1223 

Framing, ships . 1198 

Free-bend test . 1455 

Freight cars . 1238 

car bodies . 1238 

car ends . 1241 

car sides . 1238 

inspection . 1242 

jigs and fixtures. 1239 

piping . 1255 

repairs . 1242 

roofs .1238, 1241 

underframes . 1241 


Frequency-converter resistance weld¬ 


ing machines . 347 

Frogs . 1246 

Fuel gases . ; . 129 

acetylene, for gas welding . 129 

butane .133, 163 


combustion constants and com¬ 


position, table . 134 

combustion ratio . 133 

constants of gases, table . 134 

distribution in plants . 136 

ethane . 133 

hydrogen, for gas welding ....133, 162 
ignition temperatures, table .... 133 

manifolding of cylinders . 136 

manufactured gas .133, 163 

methane . 133 

natural gas .133, 163 

other fuel gases, for gas welding 


oxygen-cutting . 521 

propane, for gas welding -133, 163 

regulators for .. 138 

Fuel lines, automotive . 1262 

Fuel tanks, automotive.1264, 1271 

Full annealing .987, 1006 

Fumes, welding . 1068 

Fundamentals 

arc cutting. 550 

atomic-hydrogen welding. 249 

brazing . 498 

carbon-arc welding . 220 

flash welding . 421 

inert arc welding. 263 

metal arc welding . 234 

metallizing. ; . 482 

oxy-acetylene welding . 160 
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oxy-hydrogen welding . 161 

oxy-(other fuel gas) welding ... 163 

oxygen cutting . 518 

oxygen machining . 555 

percussion welding . 442 

pressure gas welding . 165 

stud welding . 292 

submerged arc welding . 272 

surfacing . 470 

thermit welding . 449 

upset welding . 438 

Furnace brazing. 504 

A1 and A1 alloys. 699 

applying brazing alloy . 505 

furnace atmosphere . 505 

furnaces . 504 

Mg and Mg alloys . 733 

Furnaces 

furnace brazing . 504 

postheat . 1002 

Furniture 

brazing . 511 

Mg and Mg alloys . 736 

wrought iron. 583 



GA50 welding rods . 1518 

GA60 welding rods . 1518 

GA65 welding rods . 1518 

GB45 welding rods . 1518 

GB60 welding rods . 1518 

GB65 welding rods . 1518 

Gages, comparison. 1565 

Galvanized iron, oxy-acetylene weld¬ 
ing of . 159 

Galvanized steel 

carbon-arc welding . 227 

corrosion resistance . 903 

Gamma ray inspection 

gas pipe lines ..1312, 1314 

(see also Radiographic inspec¬ 
tion) 

Gamma-ray source . 976 

Gas compressors, metallizing .... 495 

Gas cutting (see Oxygen cutting) 

Gas mixers . 144 

Gas pipe lines . 1305 

backing rings.1307, 1309 

carbon steels . 1305 

Code for Pressure Piping . 1306 

codes and specifications . 1305 

cold bending . 1312 

composite construction method . . 1310 

construction practices . 1309 

design . 1308 

electrodes . 1306 

field welding . 1305 

firing-line method . 1309 

gamma ray inspection .1312, 1314 

inspection and testing . 1312 

line-up clamps. 1312 

magnetic particle inspection .... 1314 
materials . 1307 1 



oxy-acetylene welding . 1305 

pressure testing . 1315 

qualification of procedures . 1313 

qualification of welders . 1313 

radiography . 1314 

river crossings . 1310 

shielded metal-arc welding. 1305 

stove-pipe method . 1310 

submerged arc welding. 1305 

visual inspection . 1314 

welding rods . 1307 

workmanship . 1309 

Gas regulators (see Regulators) 

Gas valves for inert arc welding .. 198 

Gas welding, equipment and ma¬ 
terials . 129 

acetylene cylinders . 132 

acetylene generators . 131 

accessories . 150 

air-acetylene welding . 164 

automatic eqpt. 148 

fluxes .149, 157 

fuel gases . 133 

oxy-acetylene welding . 156 

oxy-hydrogen welding . 161 

oxy-(other fuel gas) welding ... 163 

oxygen cylinders . 136 

portability of . 160 

pressure gas welding .149, 175 

regulators . 138 

safe practices . 1060 

torches and tips . 141 

welding rods ....149, 157, 850, 1518 
Gas welding processes 

accident prevention . 1066 

air-acetylene welding . 163 

aircraft .1274, 1290 

A1 and A1 alloys .690, 692 

carbon steel . 585 

cast irons . 588 

cast steels . 594 

Cr-Ni steels . 662 

definitions . 151 

fire prevention . 1064 

generation of heat . 61 

lead . 793 

low-alloy steels. 61/ 

Mg and Mg alloys .. 725 

oxy-acetylene welding . 

oxy-hydrogen welding .. 161 

oxy-(other fuel gas) welding ... 163 

surfacing .. 

visual inspection. 

weldment defects . ^6 

zinc ..' • •• 800 

(see also Oxy-acetylene welding, 
oxy-hydrogen welding, etc.) 

Gases 109 

butane .....133, 103 

combustion constants and com- 

position, table . . 

combustion ratio .. 

constants of gases, table . 
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distribution in plants. 136 

ethane . 133 

helium ...94, 203, 266, 721 

hydrogen, atomic hydrogen weld¬ 
ing . 206 

hydrogen, gas welding .133, 162 

ignition temperatures, table .... 133 

manifolding of cylinders . 136 

manufactured gas .133, 163 

methane . 133 

natural gas .133, 163 

other fuel gases, for gas weld¬ 
ing .133, 163 

oxygen . 135 

oxygen cutting . 521 

propane .133, 163 

regulators for . 138 

safe practices . 1068 

Gasoline pipe lines. 1305 

aluminum . 1306 

backing rings .1307, 1309 

carbon steels . 1305 


Code for Pressure Piping . 1306 

codes and specifications . 1305 

composite construction method .. 1310 

construction practices . 1309 

design . 1308 

electrodes . 1306 

field welding . 1305 

firing-line method . 1309 

inert arc welding . 1306 

inspection and testing . 1312 

magnetic particle inspection .... 1314 

materials . 1305 

oxy-acetylene welding . 1305 

pressure testing . 1315 

qualification of procedures . 1313 

qualification of welders . 1313 

radiography . 1314 

river crossings . 1310 

shielded metal-arc welding . 1305 

stove-pipe method . 1310 

submerged arc welding . 1305 

visual inspection . 1314 

welding rods . 1307 

workmanship . 1309 

Gate patterns, thermit welding .... 453 

General properties 

A1 and A1 alloys. 687 

aluminum bronze . 744 

applied liners . 832 

brasses . 739 

carbon steel . 584 

cast irons . 586 

cast steels . 592 

Cr steels . 620 

Cr-Ni steels . 648 

clad steels . 802 

copper . 737 

copper-beryllium alloys . 746 

Cu-Ni alloys . 745 

Inconel . 774 

ingot iron .583 

lead . 792 

low-alloy steels . 598 




Mg and Mg alloys . 716 

manganese steel . 672 

Monel . 770 

nickel . 770 

nickel silver . 746 

phosphor bronze . 743 

silicon bronze . 742 

wrought iron . 580 

zinc . 798 

General' properties of metals and 

alloys. 1574 

General requirements, automotive 

products . 1258 

Generation of heat. 56 

by combustion of gases . 61 

by electric arc . 56 

by electrical resistance . 61 

by mechanical methods . 63 

in atomic hydrogen welding .... 63 

in resistance welding . 369 

in thermit welding . 62 

Generator frames, automotive .... 1269 

Generators, acetylene . 131 

carbide-to-water type . 131 

water-to-carbide type . 131 

water recession type . 131 

Generators, d.c. arc welding . 188 

Girder details . 1101 

Girder splices 

bridges . 1121 

buildings . 1098 

Girth seam welding, pressure vessels 

and boilers . 1177 

Go-devil pipe cleaning device .... 1308 

Goggles, safety . 1068 

Gouging .. 557 

applications . 564 

back-step gouging . 558 

chemical effect on base metals . . 560 

definition . 556 

effect of alloying elements . 561 

effect on base metals . 560 

manual eqpt. 562 

mechanical eqpt. 563 

metallurgical effect . 561 

operating data for gouging eqpt., 


oxygen purity . 556 

preheat fuel . 556 

principles of operation . 556 

progressive gouging . 557 

spot gouging . 559 

technique . 557 

torches and tips . 556 

Grain growth in metals . 86 

Granular melt, submerged arc weld¬ 
ing (see Fluxes) 

Graphite cutting electrodes . 552 

Graphitization, piping -. 1336 

Gravity, effect of. in metal arc weld- 

. hig . 235 

Grid control, induction welding . .. 468 

Grit blasting . 482 

Groove and rotary roughening tool 

.483, 492 
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Groove welds 

design . 871 

estimating costs . 923 

Grounding of machines . 1062 

Guided-bend test . 1450 

Guns, metallizing 

arc . 495 

crucible. 494 

manual .493 

powder .*... 494 

power . 493 

spray . 492 

wire. 492 

Guns, resistance welding (see Port¬ 
able resistance welding ma¬ 
chines) 

Guns, stud welding. 208 



I 



H loadings . 1123 ' 

H-S loadings . 1123 ! 

Hadfield’s manganese steel (see 

Manganese steel) i 

Hammer tests, pressure vessels and 

boilers . 1189 

Hammer welding. 447 

Hard facing (see Surfacing) 

Hard surfacing (see Surfacing) 
Hardenability and hardening, low- 

alloy steels. 605 

Hardening (see Flame hardening) 

Hardness 


submerged arc welding. 790 

welding rods . 858 

Hatch comer details, ships. 1204 

Health protection . 1068 

Heat balance 

flash welding. 427 

projection welding .374, 393 

spot and seam welding. 374 

Heat conductivities, table . 1574 

Heat control, resistance welding ... 344 

Heat dissipation. 66 

equation for. 66 

spot, seam and projection welding 375 
Heat effect of welding Ni and Ni 

alloys . 780 

Heat effect, metallizing . 490 

Heat flow . 46 

application to welding practice .. 78 

effect. .46, 74 

equation . 64 

practical results . 75 

spot welding . 375 

theoretical approach . 75 

Heat shrinkage, spot welding. 381 

Heat treatable aluminum alloys .... 688 

Heat-treated low-alloy steels, speci¬ 
fications . 603 

Heat treating, flame . 568 

Heat treatment 

annealing . 88 

applied liners . 839 

Cr steels. 641 

clad steels . 807 


bend angle vs. 

Brinell, of metals. 

conversion table for steel. 

effect of carbon content. 

pressure gas welds. 

regions in weld zone, 1040 steel, 

table . 

Rockwell, of steel . 

test for surfacing. 

variation, 4—6% Cr steel . 

variation, 12-14% Cr steel . 

variation, 15—16% Cr steel. 

variation, 23-30% Cr steel . 

Hardware 

spot, seam and projection welding 
Hastelloy alloys 

Alloy A . 

Alloy B . 

Alloy C . 

Alloy D . 

applications . 

atomic hydrogen welding . 

chemical composition, table. 

corrosion resistance. 

electrodes . 

general properties . 

how to weld . 

inert arc welding .. 

mechanical properties, table. 

oxy-acetylene welding . 

physical properties, table. 

shielded metal-arc welding. 


99 

1574 

1561 

88 

173 

237 I 
1561 
481 
631 

633 

634 
638 

402 

774 

774 

774 

774 ' 

791 

790 

771 

905 

858 

774 

790 

790 

773 i 

790 

771 

790 


dissimilar combinations, Cr steels 640 

flame hardening . 572 

manganese steel.673. 674 

metallurgical effect of. 88 

normalizing . 88 

oxygen cutting . 527 

spheroidization . 90 

surfacing . 481 

tempering.• • • 90 

Heat units, conversion to electrical 

and mechanical ; . D/7 

Heat units of materials.48 

Heating heads, pressure gas welding 175 
Heating methods, soft soldering .. - 517 

Heavy oxygen cutting ...• • • 537 

Heavy weldments, magnetic particle 

inspection . 

Helium . 203 

inert arc welding. 200 

Mg and Mg alloys... 

metallurgical effect on welding .. 
Helmets, safe practices. 1U05 


High-alloy steel 

pressure gas welding. 

submerged arc welding . 

High brass .. * 

High capacity regulators, gas weid 

ing... 

High-carbon steels 

atomic hydrogen welding. 

locomotives . 

stud welding. 


177 

281 

740 

140 

259 

1224 

294 
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tracks . 1244 

surfacing .... 478 

High conductivity copper .. 739 

High-frequency current, induction 

welding... 465 

High-frequency pilot circuits, arc 

welding. ..... .*.* 218 

High-frequency stabilization for in¬ 
ert arc welding .197, 218 

High nickel alloys (see also Nickel, 

Monel, Inconel and Hastelloy) 770 

High-speed steels, surfacing. 479 

Hi-steel . 602 

High temperature service, low-alloy 

steels . 609 

High voltage X-ray sources. 977 

Highway bridge loadings . 1123 

Highway bridges (see Bridges) 

Hogging .. 555 

applications . 565 

chemical effect on base metal .... 560 

definition . 556 

effect of alloying elements. 561 

effect on base metals. 560 

equipment used. 564 

metallurgical effect . 561 

oxygen purity . 556 

preheat fuel . 556 

principles of operation . 556 

technique . 559 

torches and tips . 556 

Homo-polar generator resistance 

welding machines. 549 

Homogenizing, definition . .. 987 

Horizontal fixed pipe position. 1364 

Horizontal rolled pipe position .... 1363 
Horns and platens 

projection welding machines .... 314 

spot welding machines . 314 

Hose . . 7 , 

oxygen cutting . 532 

safe practices . 1060 

Hot forging, effect on fatigue 

strength . 893 

Hot-rolled low-alloy steels, speefi- 

cations . 5Jo 

Hot-shortness 

effect in oxy-acetylene welding .. lt>5 

Mg and Mg alloys. 719 

Hot working, clad steels . oUo 

Housewares 

A1 and A1 alloys . 706 

Monel .-. • ; .; • • 791 

spot, seam and projection welding 40- 
How to weld 

A1 and A1 alloys . 690 

carbon steel . 585 

cast irons . 587 

cast steels . 54- 

Cr steels. 6-8 

Cr-Ni steels. 657 

clad steels . " 1 * 

Inconel . 774 

ingot iron . 583 


lead . 793 

low-alloy steels. 611 

Mg and Mg alloys. 720 

Mn steel. 680 

Monel . 774 

nickel . 774 

wrought iron. 581 

zinc . 800 

Huerter and Driffield curve. 979 

Huey test .655, 856 

Hull structures. 1197 

Hydrogen 

atomic hydrogen welding.206, 253 

furnace brazing . 505 

gas welding... 133 

oxy-hydrogen welding . 162 

oxygen cutting . 522 

Hydrogen, effect 

carbon and low-alloy steels. 107 

metallurgical . 94 

Ni and Ni alloys . 115 

thermal treatments . 994 


Hydromatic spot welding machines 316 


Hydrostatic tests 

applied liners . 

automotive products . 

locomotives . 

penstocks and large diam. water 

pipes . 

piping . : . 

pressure vessels and boilers . 

storage tanks . 


841 

1260 

1221 

1331 

1371 

1188 

1153 


ICC specifications, RR. 1243 

Identification of metals by flame ... 1572 
Identification of metals by fracture 

or chip . 1570 

Identification of metals by sparks .. 1568 

Igniting thermit . 458 

Ignitron-tube contactors, flash weld¬ 
ing . 330 

Illium .. 774 

applications . 791 

chemical composition, table. 771 

corrosion resistance . 905 

electrodes .790, 858 

flux . 791 

general properties . 774 

how to weld . 790 

mechanical properties, table . 773 

oxy-acetylene welding . 791 

physical properties, table. 771 

shielded metal-arc welding . 790 

technique . 791 

welding rods .791, 858 

Impact resistance. 882 

aluminum . 883 

austenitic steels . 882 

location of notch . 882 

low-alloy steels. 882 

low-temperature . 883 

pressure gas welds . 175 

results of tests . 882 
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spot and seam welds . 883 

stress relief, effect on. 883 

types of tests. 882 

Impregnated-tape metal-arc welding 

process . 234 

Inadequate penetration 

arc and gas welds . 939 

clad steels . 828 

magnetic particle inspection. 959 

oxy-acetylene welding . 156 

radiography. 974 

Inches, conversion to millimeters .. 1564 
Incomplete fusion 

arc and gas welds . 939 

clad steels . 828 

magnetic particle inspection . 959 

radiography. 975 

Inconel . 774 

aircraft .791, 1280 

applications . 791 

arc blow. 782 

arc welding, table . 778 

atomic hydrogen welding. 782 

boron, effect on welding. 115 

braze welding. 785 

brazing . 784 

carbon, effect on welding . 115 

carbon-arc welding . 783 

chemical composition, table. 771 

cleaning . ....775, 784, 785 

conditions for cross-wire welding, 

table . 786 

corrosion resistance . 905 

cross-wire welding . 786 

dissimilar metals . 788 

electrode diam. vs. sheet thickness, 
shielded metal-arc welding, table 780 

electrodes .780, 857 I 

electrodes, dissimilar metals, table 787 

electrodes, spot welding. 785 

etching . 788 

finishing .780, 784 

flames, gas welding. 783 

flash welding. 786 

flux-oxygen cutting . 786 

fluxes .783. 784 

general properties . 774 

heat effect of welding. 780 

how to weld . 774 

hydrogen, effect on welding. 115 

Inconel "X” .770, 774 

inert arc welding .260. 782 

inspection .785, 788 

jigs .... . 780 

joint design, gas welding. 783 

joint geometries, shielded metal- 

arc welding, table . 776 

joint preparation . 775 

lead, effect on welding. 115 

mechanical properties, table . 773 

mechanical properties, gas welds . 783 

metallurgy of . 115 

nitrogen, effect on welding. 115 

oxy-acetylene welding . 783 

oxy-arc cutting. 786 I 


oxygen cutting . 786 

physical properties, table. 771 

piping . 1347 

postheat treatment. 788 

powder cutting, table. 787 

preheating.780, 784 

pressure gas welding.177, 786 

pressure gas welding bars, table . 787 

pressure, spot welding . 785 

projection welding. 786 

radiography. 788 

schedules for flash-welding rods, 

table . 787 

seam welding . 786 

shielded metal-arc welding. 780 

silicon, effect on welding. 115 

soft soldering . 785 

spot welding . 785 

stud welding . 783 

submerged arc welding . 281 

sulfur, effect on welding . 115 

surfacing . 788 

surfacing steel and cast iron, table 789 

techniques .780, 784 

tensile properties of welded butt 

joints, table. 781 

tensile strength of gas welds, table 784 

welding procedures, shielded 

metal-arc welding, table. 778 

welding rod diam. vs. sheet thick¬ 
ness, table . 784 

welding rods .783, 857 

Inconel-clad steels, corrosion resist¬ 
ance . 905 

(see also Clad steels) 

Inconel liners . 833 

Inconel “X” .770. 774 

(see also Inconel) 

Incorrect weld profile. 937 

Incorrect weld size, arc and gas 

welds ’. 936 

Indentation .397, 944, 946 

Cr and Cr-Ni steels . 666 

Indexing . 1231 

Indirect seam welds . 384 

Induction brazing . 506 

equipment used . 506 

induction coils. 506 

Induction heating . 1001 

cast iron . ; . 588 

Induction welding process . 465 

air-core transformers . 467 

aluminum . 469 

applications . 468 

copper . 469 

equipment used . 

grid control . 46? 

high-frequency current. ™ 

low-carbon steel . 


905 

833 


469 


luvv v.ai uuit jvvvi ..- 

methods of heating . ^52 

power supply. 468 


rectifiers .... 

spark gap oscillators. ^ g 

synchronous timers . 
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timing devices . 467 

vacuum tube oscillators .. 466 

Industrial applications (see Applica¬ 
tions ) 

Industrial piping . 1333 

Inert-gas carbon-arc welding--- 220 

Inert-gas metal-arc welding equip¬ 
ment and materials . 195 

a.c. machines . 195 

A1 and A1 alloys . 696 

arc stabilization, a.c. machines ... 196 

automatic welding heads . 204 

auxiliary equipment.. 203 

balanced wave a.c. machines. 195 

capacity, a.c. machines . 196 

capacity, d.c. machines . 199 

control devices . 198 

crater fillers . 199 

current ranges for tungsten elec¬ 
trodes, table. 202 

d.c. machines. 199 

electrode holders, manual. 199 

engine-driven a.c. machines . 199 

filler metal feeders. 203 

flow meters . 203 

gas valves . 198 

gases used . 203 

high-frequency arc stabilization 

a.c. machines . 19/ 

machine welding equipment. 204 

Mg and Mg alloys . 720 

power factor correction, a.c. ma¬ 
chines . 196 

power supply, a.c. machines . 196 

power supply, d.c. machines. 199 

ratings for a.c. balanced wave 

machines, table . 196 

regulators, gas . 203 

spark gap oscillators, a.c. machines 197 
special requirements, a.c. ma¬ 
chines . 197 

standard a.c. shielded metal-arc 

welding machines for . 196 

tube type oscillators, a.c. machines 198 

water valves . 198 

Inert gas metal-arc welding process 263 

aircraft .1287, 1295 

a.c. machines . 26/ 

A1 and A1 alloys .269, 690. 696 

aluminum bronze . 757 

applications . 269 

arc length control . 26/ 

arc stabilization . 264 

argon . 266 

automobile bodies and fenders .. . 269 

auxiliary equipment . 268 

brass . 756 

carbon electrodes . 265 

chromium steels .271, 636 

consumable electrode method .... 269 


! 




control equipment . 266 

copper .271, 756 

copper-beryllium alloys . 757 

copper-nickel alloys . 757 

current control . 267 i 


definition . 

dissimilar metals . 

electrode holders. 

equipment used. 

filler metal feed . 

flow meters . 

fundamentals . 

gas regulators. 

helium. 

Inconel . 

jigs . 

low-alloy steels . 

Mg and Mg alloys . .. 

manifolding gases . 

Monel . 

nickel . 

oil and gasoline pipe lines . 
phosphor bronze. 

piping... 

pressure vessels and boilers 
principles of operation 

safe practices . 

shielding gases . 

silicon bronze . 

steel sheet . 

surfacing . 

theory of metal transfer .. . 
torch or electrode holder .. 

travel carriages . 

tungsten electrodes. 

water cooling . 

Inert gases 

(See Argon and helium) 

Ingot iron . 

electrode sizes vs. material 

ness, table . 

electrodes . 

general properties . 

how to weld . 

mechanical properties, table 
microstructure. 


. 263 

...271, 757 

. 265 

265 

. 268 

. 267 

. 263 

. 267 

. 266 

. 782 

. 268 

. 616 

... 269, 720 

. 267 

. 782 

. 782 

. 1306 

. 757 

.1346. 1365 
..269, 1182 

. 263 

. 264 

. 266 

. 757 

. 269 

...271, 477 

. 263 

. 265 

. 268 

. 265 

. 266 


. 583 

thick- 

. 584 

. 584 

. 583 

. 583 

. 583 

. 583 


oxy-acetylene welding . 584 

resistance welding . 584 

shielded metal-arc welding . 584 

typical analysis, table . 583 

welding rod sizes vs. material 

thickness, table . 584 

Injector cutting torch. 531 

Inserted type nozzle . 1177 

Inspection . 932 

aircraft .1297, 1300-1302 

applied liners. 842 

automotive products . 1260 

bridges . 1133 

buildings . 1114 

chemical analysis . 956 

destructive testing . 981 

flash welding. 430 

fluorescent penetrant inspection .. 969 

freight cars . 1242 

Inconel .785, 788 

inspectors. 932 

locomotives .1221, 1225 

magnetic particle inspection . 957 

mechanical testing . 980 
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metallographic tests . 956 

Monel .785, 788 

nickel ..785, 788 

oil, gas and gasoline pipe lines .. 1312 

oxy-acetylene welding . 156 

passenger cars, RR. 1235 

penstocks and large diam. water 

pipe . 1330 

piping . 1369 

pressure gas welding . 174 

pressure vessels and boilers . 1186 

proof testing . 980 

radiographic inspection . 970 

ships . 1211 

stethoscope . 984 

storage tanks . 1153 

supersonic testing . 984 

surfacing . 481 

tank cars, RR’s . 1243 

trepanning . 983 

visual inspection. 952 

water pipe lines . 1318 

weldment defects . 936 

Inspectors . 932 

bridges . 1134 

checking application of procedures 935 

duties . 933 

interpretation of drawings and 

specifications . 934 

interpretation of test results ...... 937 

procedure and welder qualification 934 

production test samples . 935 

records and reports. 937 

requirements . 932 

training . 1057 

Installation 

a.c. arc welding machines ....... 187 

d.c. single-operator, motor-driven 

arc welding machines. 192 

resistance welding . ; . 356 

submerged arc welding . 280 

Intergranular corrosion test. 654 

Intermelting method of manufactur¬ 
ing clad steels. 803 

Intermittent motion seam welding . 

.383, 385 

Intermittent welding 

automotive products . 1260 

ships . }}98 

Internally insulated pressure vessels 1192 
Interpass temperature control, chro¬ 
mium steels .. ^29 

Intersecting joints, piping ; . 1355 

Iron alloy surfacing materials. 473 

Iron-carbon diagram . 83 

Iron, ingot. 383 

Iron . 380 

in Cu and Cu alloys . 121 

oxy-acetylene welding . 158 

spot, seam and projection welding 401 
Iron and steel gas-welding rods ... 850 

carbon, effect of. 850 

chromium, effect of. 851 

manganese, effect of. 851 

molybdenum, effect of. 851 


nickel, effect of. 851 

phosphorus, effect of. 851 

silicon, effect of. 851 

sulfur, effect of. 851 

vanadium, effect of . 851 

Iron and steel gas-welding rod 

specifications . 1518 

Irrelevant indications, magnetic par¬ 
ticle inspection . 959 

Isothermal diagrams, application to 

welding. Ill 

Isothermal transformation . 90 


Jigs 

aircraft .1290, 1297 

atomic hydrogen welding. 256 

brazing . 502 

buildings . 1112 

Cr-Ni steels .658, 660, 663 

estimating costs . 910 

Inconel . 780 

inert arc welding. 268 

machinery construction . 1144 

Mg and Mg alloys. 721 

Monel . 780 

nickel . 780 

piping . 1362 

railroads .1234, 1239 

seam welding . 321 

Joining adjacent liners. 836 

Joint design 

aircraft.1281, 1282, 1289 

brazing . 499 

Cr-Ni steels .658, 661, 662 

corrosion resistance .,... • 901 

Inconel . 283 

Monel . 283 

nickel ... 283 

oxy-acetylene welding .. 662 

shielded metal-arc welding. 658 

Ships .;. 1200 

submerged arc welding ..277, 658, 661 

Joint details ... 

low-alloy steels .. 

Mg and Mg alloys. 7 liq? 

storage tanks . 

Joint efficiencies 

penstocks and large diam. water ^ 

pressure vessels and boilers .1170, 1174 

Joint intersections, ships . l * UD 

Joint preparation ^ 


Inconel 


242 


metal-arc welding . 77 ? 

Monel . nnc 

nickel . : . 452 

thermit welding . 

Joint types 251 

atomic hydrogen welding . 499 

brazing . 2118 

bridges .. ’ 794 

Joints for dynamic ‘ loading/bridges 1120 
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—K— 

“K” Monel . 770 

electrodes . 857 

welding rods . 857 

. (see also Monel) 

“KR” Monel ./70, 7/4 

(see also Monel) 

KirchhofTs Law‘of Radiation . 66 

—L— 

“L” nickel .. 770 

(see also Nickel) 

Lame formulas . M74 

Lamp flicker . 354 

Lance cutting . 536 

Lancing . ooo 

Landing gear, aircraft.180, 1281 

Lap joints 

brazing . 499 

clad steels ... 

Large diameter water pipe . 1318 

brass . 1321 

bronze. 13-1 

codes and specifications . 1319 

design . 1322 

electrodes .1321, 1327 

erection . 13-5 

fabrication . 1325 

field welding . 1328 

hydrostatic tests ... 1331 

inspection and testing . 1330 

joint efficiency . 1322 

low-alloy steels . 1321 

low-carbon steel. 1320 

materials . 1319 

nickel-clad steels . 1321 

peening . 1328 

preheating . ^-7 

pressure testing.1327, 1331 

production test plates . 1331 

properties of carbon steel plates, 
firebox quality, table .. 1320 

properties of carbon-silicon steel 

plates, table. 1321 

qualification of procedures . 1330 

qualification of welders . 1330 

radiography .1327, 1331 

span length . 1322 

stress relief . 1328 

support rings .. • • 1322 

trepanning .1327, 1331 

workmanship . 1325 

Large weldments, fluorescent pene¬ 
trant inspection . 968 

Latent heat of fusion . 50 

Latent heats of fusion of some 

metals, table . 50 

Lead .•. 792 

air-acetylene welding . 164 

applications . 797 

chemical composition, table. 792 

corrosion resistance. 908 

dissimilar metals . 797 


flash welding. 432 

gas welding .... '93 

general properties . 

how to weld . 793 

in Cu and Cu alloys . 121 

in Ni and Ni alloys. 115 

metallizing . 496 

oxy-acetylene welding . 793 

oxy-hydrogen welding.162, 7 93 

oxy-natural gas welding . .. 793 

oxy-(other fuel gas) welding ... 163 

physical properties . 793 

piping .794, 1347, 1360 

plumbing . 797 

positions of welding . 795 

preparation for welding. 794 

resistance welding . 401 

safe practices .797, 1068 

sheet . : . 794 

special tools for welding . /93 

speed of welding . 797 

tanks . 797 

technique . 795 

torch tips . 793 

types of joint . 794 

welding rods . 770 

Lead angle . 242 

Lead burning (sec Lead) 

Lead screens, radiography . 980 


Leak tests 

applied liners ... 

fluorescent penetrant inspection .. 

Lenses, safety . 

Light weldments (aircraft type), 

magnetic particle inspection . 

Lime coverings, electrodes . 

Lime-titania coverings, electrodes . 
Limited input arc welding machines 

safe practices .. 

Line-up clamps, pipe lines. 

Lined vessels, fluorescent penetrant 

inspection.• •••• . 

Liners ( see also Applied liners) ... 

Liquidus line. 

Liquidus temperature . 

Local stress relief . 

P>P in g ... 

pressure vessels and boilers . 

Location of notch, impact testing .. 


840 

970 

1068 

968 
855 
855 
182 

1061 

1312 

969 
832 

80 

864 

1002 

1336 

1185 

882 


Locators 

flash welding. 

stud welding . 

Locomotives . 

air reservoirs ........ 

codes and specifications 

cylinders . 

design .. 

Diesel electric .. 

firebox construction .. 

frames, repair. 

hydrostatic test --- 

inspection and testing 

maintenance . 

piping . . # . 

qualification of welders 


.... 330 
.... 302 
.... 1215 
.... 1220 
1215, 1222 
.... 1219 
.... 1215 
.... 1225 
.... 1216 
.... 1223 
.... 1221 
1221, 1225 
.... 1222 
.... 1255 
.... 1221 
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radiography . 1221 

tenders . 1220 

thermit welding . 463 

wheels, repair .1223, 1224 

Longitudinal cracks, arc and gas 

welds . 941 

Longitudinal magnetization, mag¬ 
netic particle inspection. 964 

Longitudinal shear test (fillet weld) 1460 
Low-alloy steel electrode specifica¬ 
tions . 1536 

Low-alloy steels. 598 

AISI and SAE low-alloy steel 

classifications, table . 603 

aircraft .1274, 1280 

alloy banding . 613 

applications . 618 

arc cutting. 554 

atomic hydrogen welding.259, 616 

austenitic electrodes . 616 

automotive products . 618 

brazing . 618 

brittleness . 607 

chemical composition and heat 
treatment for high temperature 

service, table. 609 

chemical composition and mech. 
prop, of some proprietory steels, 

table . 602 

chromium steels . 610 

classifications . 598 

corrosion resistance. 606 

cracks, cold . 611 

creep data for high temperature 

service, table. 609 

design . 614 

effect of alloying elements ....108, 601 

effect of chromium . 603 

effect of copper.109, 600 

effect of phosphorus.107, 600 

electrodes . 616 

elevated temperature properties .. 608 

flash welding .432, 617 

gas welding. 617 

general properties . 598 

hardenability . 605 

hardening. 605 

heat-treated grades, specifications . 603 

how to weld . 611 

hot-rolled grades, specifications .. 598 

hydrogen . 107 

impact resistance . 882 

inert arc welding. 616 

influence of alloying elements on 

welding. 612 

influence of microstructure on 

welding . 613 

joint geometry . 614 

low temperature properties. 607 

machinery . 618 

mechanical properties, copper 

bearing steels, table. 601 

mechanical properties, heat treated 

grades . 604 

mechanical properties, hot-rolled 


1 grades . 598 

mechanical properties vs. treat¬ 
ment, table. 608 

metallurgical effects . 611 

metallurgy . 96 

mining . 618 

molybdenum steels . 608 

ordnance. 618 

oxy-acetylene welding'.159, 617 

oxygen cutting . 547 

penstocks and large diam. water 
pipe . 1321 

piping . 1336 

postheat treatment. 615 

preparation for welding. 614 

pressure gas welding.177, 618 

pressure vessels and boilers . 1167 

projection welding. 617 

railroads .618, 1226 

resistance welding .401, 616 

seam welding . 617 

shielded metal arc-welding. 615 

spot welding . 616 

strength of hot-rolled steel, table 599 

stud welding . 294 

submerged arc welding.281, 616 

surfacing . 478 

temper brittleness . 606 

thermit welding . 618 

underbead cracking . 611 

weight loss due to atmosphere cor¬ 
rosion, table . 607 

weldability . 611 

welding procedures.614, 615 

Low brass . 739 

Low-carbon steel . 584 

aircraft . 1280 

arc cutting. 554 

automotive products . 1269 

forge welding . 447 

induction welding . 469 

locomotives . 1225 

penstocks and large diam. water 

pipe . 1320 

spot, seam and projection welding 401 

submerged arc welding . 281 

surfacing .... 478 

water pipe lines . 1316 

Low-carbon steel electrodes (see 
Mild steel electrodes) 

Low-fuming bronze welding rods .. 863 

Low-pressure cutting torch . 531 

Low-temperature brazing (see 
Brazing processes) . 

Low-temperature impact resistance . ooo 
Low-temperature properties, low- 

alloy steels.•• .. 

Low-temperature stress relief . ; . iwa 
Low temperatures, effect on fatigue 
strength . .. 


M- 


7IO 

Ml magnesium alloy ... 

Machinability, arc cutting. 3 
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Machinability, improvement of .... 992 

Machine capacity and ratings, car¬ 


bon-arc welding .. 209 , 

Machine equipment, oxygen cutting 531 
Machine oxygen cutting.519, 533 


Machine parts, fatigue strength .... 898 

Machine surfacing, arc welding- 476 

Machine surfacing, gas welding ... 474 

Machine tools, pressure gas welding 180 


Machine welding equipment | 

inert arc. 204 

shielded metal arc . 244 

(see also Specific processes) 

Machinery construction . 1138 

cast irons . 590 

cast steels . 597 

castings . 1141 

design . 1141 

distortion . 1144 

fabrication . 1143 

fit-up . 1144 

flame hardening . 575 

flame softening. 577 

jigs and fixtures. 1144 

low-alloy steels . 618 

manganese steel . 685 

materials . 1158 

metallizing . 496 

pipe and tube . 1141 

plates . 1140 

preheating . 1144 

residual stresses . 1143 

shear warp . 1139 

stress analysis . 1141 

stress raisers . 1142 

structural shapes . 1140 

tolerances . 1143 


Machines, welding (see Specific 
processes) 

Machining, effect on fatigue strength 

Machining sprayed metals . 

Machining techniques, oxygen ma¬ 
chining ... 

Macroscopic examination. 

aircraft ... 

Magnesium and magnesium alloys . . 

AZ31X alloy . 

AZ61X alloy . 

AZ80X alloy . 

AZ92 alloy . 

AZ63 alloy . 

acetylene . 

aging. 

aircraft . 

applications . 

argon ... 

automatic inert arc welding, table 

backing plates, table . 

beryllium . 

brazing . 

calcium, effect of . 

carbohydrogen . 

cerium-manganese alloys . 

characteristics . 


893 

487 

556 

956 

1302 

716 

718 

718 

718 

718 

718 

726 

725 
736 
736 
721 
724 
723 

718 
733 

719 

726 
718 
716 


chemical cleaning and surface 


treatment solutions, table. 720 

chemical treatment . 719 

cleaning . 719 

commercial alloys, table . 717 

corrosion .• 725 

corrosion-resistance .717, 907 

cracking .724, 728 

dip brazing . 733 

distortion . 724 

edge preparation, arc welding . .. 721 

fatigue . 725 

fire hazard. 717 

flash welding. 735 

fluxes .726, 733 

furnace brazing . 733 

furniture. 736 

gas welding .... 725 

general properties . 716 

helium. 721 

hot shortness. 719 

how to weld . 720 

inert arc welding . 269, 720 

inert arc welding eqpt. 720 

jigs .. • • 721 

joint geometry.722, 727 

Ml alloy . 718 

magnesium alloys . ... 717 

manual inert arc welding, table .. 72.3 

metallizing . 497 

metallurgy . 718 

oxy-hydrogen welding . 162 

peening . 725 

physical properties, table . 718 

postheat treatment, castings . 733 

postheat treatment, castings, table 732 

preheating castings . 732 

preparation of base metal, gas 

welding. 726 

pressure gas welding . 735 

projection welding. 401 

properties of arc welds. 724 

properties of gas welds . 728 

properties of inert arc welded butt 

joints, table . 725 

properties of spot welded joints . . 731 

radiography . 719 

seam welding.401, 734 

soft soldering . 734 

specifications for welding, table . 735 

spot weld quality . 729 

spot welding .401, 728 

spot welding electrodes . 729 

spot welding eqpt. 728 

stress relief . 735 

stress relief of inert arc welds, 

table . 735 

stud welding .295, 734 

TA54 . 718 

technique, arc welding . 723 

technique, castings . 732 

technique, gas welding . 726 

torch brazing . 733 

torches . 725 

welding castings . 731 

welding rods, table. 719 
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ZK60 alloy . 718 

Magnetic arc blow . 238 

Magnetic boot .210, 223 

Magnetic contactors.330, 337 

Magnetic particle inspection . 957 

aircraft .1297, 1300 

a.c... 961 

amount of magnetizing current .. 965 

applied liners . 842 

automotive engines. 1260 

basic principles. 957 

bridges . 1134 

buildings . 1114 

circular magnetization . 964 

comparison of a.c. and d.c. 962 

comparison of wet and dry 

methods . 962 

continuous method. 963 

crater cracks. 959 

defects which may be detected ... 958 

demagnetization . 965 

d.c. 961 

dry method . 961 

equipment used. 965 

heavy weldments . 967 

inadequate penetration . 959 

incomplete fusion . 959 

inspection medium. 961 

interpretations of indications .... 958 

irrelevant indications . 959 

light weldments (aircraft type) . 968 

limitations . 958 

longitudinal magnetization . 964 

magnetizing current . 961 

•4 4 4 • • 4* ^ A ^ . 


oil,gas and gasoline pipe lines ... 1314 


piping . 

plate . 

porosity . 

portable eqpt. 

pressure gas welding .... 
pressure vessels and boilers 

recording indications. 

repairs . 

residual method . 

scope of application. 

ships . 

slag inclusions . 

stationary eqpt. 

storage tanks . 

subsurface discontinuities 

surface cracks. 

techniques . 

undercut . 

wet method . 


1370 

968 

959 

966 

175 

1187 

966 

968 

963 

958 
1212 

959 
965 

1153 

958 

959 

961 
959 

962 


Maintenance, arc welding machines 


a.c. ... 188 

d.c. single-operator, motor-driven 193 

Maintenance, locomotives . 1222 

Manganese 

effect on iron and steel gas weld¬ 
ing rods . 851 

effect on Mn steel. 672 

in carbon and low-alloy steels .. 108 

in Cu and Cu alloys. 121 

Manganese bronze 


flow welding . 765 

welding rods. 863 

Manganese cast steels (austenitic) . 594 

Manganese-nickel-copper steel. 602 

Manganese steel. 672 

alloying elements, effect of. 673 

applications . 685 

arc welding . 680 

carbon-arc welding . 680 

carbon, effect of. 672 

chemical comp. 672 

current values for Ni-Mn steel 


electrodes, table . 682 

dipper teeth. 684 

electrodes . 680 

embrittlement . 674 

frogs and crossings. 1248 

general properties . 672 

heat treatment .673, 674 

how to weld . 680 

machinery . 685 

manganese, effect of . 672 

mechanical properties . 675 

mechanical properties of cast bars, 

table . 680 

metallurgical characteristics. 677 

micro-structure .678, 679 

Ni-Mn steels . 678 

oxygen cutting . 682 

phosphorus, effect of . 673 

physical properties. 675 

properties of, table. 676 

railroads . 685 

reheating . 675 

repair welding. 682 


residual stresses . 
resistance welding 
silicon, effect of . 

steel mills. 

sulfur, effect of 


681 
680 

672 
685 

673 

surfacing .479, 681 

surfacing filler metal. 868 

techniques . 682 

wear resistance . 677 

welding procedure . 681 

Manifolding 

cylinders . 136 

inert arc welding. 267 

oxy-(other fuel gas) welding ... 163 

oxygen cutting . 632 

safe practices . lvo\ 

Manifolds, metallizing . 495 

Manual equipment 

oxygen cutting . 33U 

scarfing.... • • • do* 

shielded metal-arc welding ... • • • 244 

submerged arc welding .207, 2oU 

( see also Specific processes) 

Manual metallizing guns. 493 

Manual oxygen cutting . 

Manufactured gas.133, loa 


Martensite 

definition 

formation 


88 

91 
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Master chart of welding processes 

.Facing page 1 


Materials 

aircraft . 1274 

applied liners . 832 

bridges . 1117 

buildings. 1072 

clad steels . 803 

gas pipe lines ... 1307 

machinery construction .... 1138 

oil, gas and gasoline pipe lines ... 1305 
penstocks and large diam. water 

pipe . 1319 

piping.1334, 1345 

pressure vessels and boilers . 1164 

RR passenger cars. 1226 

RR tracks . 1244 

ships . 1196 

storage tanks . 1146 

water pipe lines . .•••• 1316 

Material specifications, applied liners 832 
Materials and equipment 

accessories for arc welding. 217 

accessories for gas welding . 150 

air-acetylene welding . 164 

arc welding . 182 

atomic hydrogen welding.204, 252 

automatic gas welding . 148 

brazing processes. 503 

carbon-arc cutting . 551 

carbon-arc welding .209, 222 

flame hardening . 574 

flame softening. 577 

flash welding .325, 431 

gas welding. 129 

gouging . 562 

hogging ... 564 

induction welding. 466 

inert arc welding ....195, 265, 696, 720 

machine arc welding, special eqpt. 210 

magnetic particle inspection . 965 

metal-arc cutting . 551 

metallizing . 492 

oxy-acetylene welding . 156 

oxy-arc cutting . 552 

oxy-hydrogen welding .. 161 

oxy-(other fuel gas) welding .... 163 

oxygen cutting processes . 530 

oxygen drilling. 564 

oxygen turning. 564 

percussion welding .354, 445 

pressure gas welding.149, 175 

projection welding. 312 

resistance welding . 308 

safe practices . 1060 

scarfing. 562 

seam welding . 318 

shielded metal-arc welding ...182, 244 

spot welding 308, 728, 1231, 1235, 1265 

stud welding .208, 295 

submerged arc welding .206, 278 

surface planing. 564 

thermit welding . 450 

upset welding . 323 

welding rods and fluxes .149, 157 


Materials normally surfaced . 477 

Mayari-R steel . 602 

Mechanical contactors . 339 

Mechanical equipment, scarfing .... 562 

Mechanical properties 

A1 and A1 alloys . 687 

clad steels . 805 

Cr steels. 622 

Cr and Cr-Ni electrodes . 855 

Cr-Ni steels. 648 

Inconel gas welds . 783 

low-alloy steels, heat treated .... 604 

low-alloy steels, hot rolled . 598 

manganese steel . 675 

Monel gas welds . 783 

nickel gas welds. 783 

pressure gas welds . 173 

spot, seam and projection welds . 367 

Mechanical problems in welding .. 68 

expansion and contraction. 68 

residual stresses . 69 

shrinkage and distortion . 74 

Mechanical tests. 980 

Mechanical tests of welds. 1442 

Mechanical treatments of weldments 986 

basic considerations. 986 

code requirements . 996 

cracking . 989 

dimensional stability . 991 

distortion, control of . 989 

glossary of terms. 987 

improvement of performance. 988 

machinability . 992 

mechanical properties of mild steel 

at elevated temp., table. 989 

notch sensitivity. 993 

notch toughness . 994 

pecning .991, 1007 

proof stressing . 1008 

reasons for . 988 

residual stresses . 995 

service performance . 992 

shrinkage . 990 

upsetting. ; . 989 

Mechanical units, conversion to heat 

and electrical. 1577 

Medium carbon steels. 584 

locomotives . 1224 

spot, seam and projection welding 401 

surfacing. 478 

Melt down . 529 

Melt, submerged arc welding (see 
Fluxes) 

Melting point, brazing . 864 

Melting points, table . 1574 

Melting points of elements . 1576 

Melting rate .272, 919 

Melting time . 919 

Merchant ships (see Ships) 

Metal-arc cutting. 550 

applications . 553 

auxiliary equipment. 552 

equipment used. 551 

performance characteristics, solid 
core electrodes, table . 552 













































































































1618 


SUBJECT INDEX 


principles of operation . 550 

solid core electrodes . 552 

(see also Arc cutting) 

Metal spraying (see Metallizing) 

Metallic spray bonding . 484 

Metallizing . 482 

aluminum .496, 497 

application of metal. 484 

applications . 496 

arc guns . 495 

blasting. 484 

bond factors, table. 489 

bond strengths of different 
methods of preparation, table .. 489 

cadmium. 496 

centrifugal blasting machines .... 492 

compressors, air . 495 

compressors, gas . 495 

copper . 496 

corrosion resistance. 496 

crucible guns . 494 

definition . 482 

effect on base metals. 488 

effect of coating stresses . 489 

effect of surface preparation .... 489 

electric bonding.484, 492 

electrical eqpt. 496 

equipment used. 492 

exhaust eqpt. 495 

filters, air. 495 

finishing . 487 

flow meters . 495 

force-feed blast generators . 492 

foundries. 496 

fundamentals . 482 

groove and rotary roughening tool 

.483, 492 

heat effects . 490 

lead . 496 

machinery . 496 

machining sprayed metals . 487 

magnesium. 497 

manifolds . 495 

manual guns . 493 

mechanical and physical prop, of 

sprayed metals, table . 490 

metallic spray bonding. 484 

multiple-pass spraying . 486 

powder guns . 494 

power guns . 493 

principles of operation . 483 

printed circuits . 496 

quality control . 490 

quality of deposits . 490 

regulators. 495 

rough threading. 484 

single-pass spraying . 486 

speed of spraying. 485 

spray guns. 492 

spray welding. 487 

suction-feed blast circuits . 492 

surface preparation . 483 

tin . 496 

tools, speeds and feeds for machin¬ 
ing sprayed metals, table. 488 


tumbling barrels. 487 

wire guns. 492 

zinc ... 1 496 

Metallographic tests . 956 

etchants . 957 

macroscopic examination . 956 

microscopic examination . 957 

sample preparation . 956 

Metallurgical characteristics 

Cr steels. 622 

Cr-Ni steels. 648 

Mn steel. 677 

Metallurgical effects of welding 

A1 and A1 alloys . 687 

arc cutting. 551 

cast steels. 594 

gouging . 561 

hogging . 561 

low-alloy steels . 611 

metal-arc welding . 244 

oxy-acetylene welding . 155 

oxygen cutting . 523 

oxygen drilling . 561 

oxygen turning. 561 

scarfing. 561 

spot, seam and projection welding 395 

stud welding . 293 

surface planing. 561 

Metallurgical zones in metal-arc 

welding . 236 

Metallurgy . 79 

alloy steels, hardenable. 109 

A1 and A1 alloys . 125 

atmosphere, effect of . 93 

carbon and low-alloy steels. 96 

Cr steels . 114 

Cr-Ni steels . 112 

Cu and Cu alloys. 116 

equilibrium diagrams. 80 

fracture of metals . 91 

heat treatment, effect of . 88 

Inconel . 115 

isothermal diagrams . Ill 

isothermal transformation . 90 

Mg and Mg alloys. 718 

Monel ......... . 115 

nickel . 114 

precipitation in steel . 87 

solid solubility. 87 

solidification of metals . 84 

stainless steels .. 11 | 

transformations in steel . 86 

weld metal composition, effect of 93 
Metals and alloys, general proper- 

ties, table . 1*74 

Methane, gas welding. 155 

Method of heating - 

induction welding . 4oo 

closed-joint method, pressure gas 

welding. 1 ^ 

open-joint method, pressure gas 

welding.;• "i 

Methods of manufacture, clad steels o \U. 

Microscopic examination.655, V5 
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Microstructure 

A1 and A1 alloys .689, 690 

Cr-Ni steels . 653 

ingot iron . 583 

low-alloy steels . 613 

Mn steel .678, 679 

wrought iron. 580 

Midvaloy BTG . 774 

Mild fluxes, soft soldering . 515 

Mild steel electrodes . 843 

current and voltage ranges, table 846 
mechanical properties of weld 

metal, table . 847 

operating characteristics, table .. 851 

Mild steel electrode specifications .. 1508 

Mill tolerances, buildings. 1106 

Millimeters, conversion to inches .. 1564 
Minimum Requirements, Code of . . 1057 
Mining 

A1 and A1 alloys . 706 

low-alloy steels. 618 

Misalignment, flash and upset welds 950 

Misco HN .. 774 

Mixer type cutting torch. 531 

Mixers, gas . 144 

Modulus of elasticity, definition ... 987 

Modulus of rigidity, definition .... 987 

Modulus, shear, definition . 987 

Molding material, thermit welding 451 

Molds, thermit welding . 453 

Molten metal dip brazing . 511 

Molybdenum, spot, seam and projec¬ 
tion welding . 402 

Molybdenum 

Cr steels. 627 


effect on iron and steel gas weld¬ 
ing rods . 851 

low-alloy steels . 108 

Molybdenum low-alloy steels . 608 

Monel . 770 

aircraft . 1280 

applications . 791 

arc blow . 782 

atomic hydrogen welding .260, 782 

boron, effect on welding . 115 

braze welding . 785 

brazing . 784 

carbon, effect on welding . 115 

carbon-arc welding . 783 

chemical composition, table . 771 

cleaning .775, 784, 785 

conditions for cross-wire welding, 

table... 786 

corrosion resistance. 905 

cross-wire welding. 786 

dissimilar metals . 788 


electrode diam. vs. sheet thickness, 
shielded metal-arc welding, table 780 
electrodes for dissimilar metals, 

table . 787 

electrodes .780, 857 

electrodes, spot welding . 785 

etching . 788 

finishing .780, 784 

flame, gas welding. 783 


flash welding . 786 

flash welding schedules for rods, 

table . 787 

fluxes .783, 784 

flux-oxygen cutting . 786 

general properties . 770 

heat effect of welding . 780 

housewares . 791 

how to weld. 774 

hydrogen, effect on welding . 115 

inert-arc welding . 782 

inspection .785, 788 

jigs . 780 

joint design, gas welding. 783 

joint geometries, shielded metal- 

arc welding, table. 776 

joint preparation . 775 

“K” Monel . 770 

“KR” Monel .. 774 

lead, effect on welding. 115 

mechanical properties, table .... 772 

mechanical properties of gas welds 783 
mechanical properties of sub¬ 
merged arc welds, table. 783 

metallurgy of . 115 

nitrogen, effect on welding. 115 

oxy-acetylene welding . 783 

oxy-arc cutting. 786 

oxygen cutting . 786 

physical properties, table . 771 

piping . 1347 

postheat treatment . 788 

powder cutting, table . 787 

preheating .780, 784 

pressure gas welding .177, 786 

pressure gas welding bars, table . 787 

pressure, spot welding . 785 

pressure vessels and boilers ..791, 1170 

projection welding . 786 

“R” Monel . 770 

radiography . 788 

railroads . 791 

seam welding. 786 

shielded metal-arc welding . 780 

silicon, effect in welding . 115 

soft soldering . 785 

spot welding . 785 

stud welding.295, 783 

submerged arc welding .281, 782 

sulfur, effect in welding. 115 

surfacing .788, 789 

surfacing steel and cast iron, table 789 

tanks . 791 

techniques .780, 784 

tensile properties of welded butt 

joints, table . 781 

tensile strength of gas welds, table 784 
welding procedures, shielded metal- 

arc welding, table . 778 

welding rod diam. vs. sheet thick¬ 
ness, table. 784 

welding rods .783, 857 

Monel clad steels (see Clad steels) 

Monel electrodes, automotive prod¬ 
ucts . 1260 
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Monel liners . 833 

Motor-driven single operator d.c. 

welding machines . 188 

characteristic curves . 190 

control devices . 189 

installation. 192 

maintenance . 193 

parallel operation . 189 

power supply . 189 

principles of operation . 190 

safety . 193 

Mufflers, automotive . 1262 

Multi-directional stresses, buildings 1080 

Multi-layer pressure vessels . 1192 

Multi-transformer seam welds _ 385 

Multiple-operator d.c. welding ma¬ 
chines . 194 

capacity . 195 

parallel operation. 195 

principles of operation . 195 

Multiple-oxygen cutting. 534 

Multiple-pass metal spraying. 486 

Multiple-pass welding, metallurgical 

effect . 97 

Multiple-row seam welds. 385 

Multiple spot welding . 378 

Multiple-spot welding machines ... 316 

automotive bodies . 1265 

Multiple stud welding machines .... 297 

Multiple transformer spot welding 

machines . 316 

—N— 

N-A-X high tensile steel. 602 

National Electrical Code. 1062 

Natural gas 

furnace brazing . 505 

gas welding . 133 

oxy-(other fuel gas) welding ... 163 

oxygen cutting . 522 

preheat . 997 

Nature of oxy-acetylene flame _ 132 

Nature of thermit . 449 

Naval bronze welding rods. 862 

Naval vessels (see Ships) 

Navy tear test . 105 

Necks, piping . 1356 

Neutral flame . 152 

Nichrome. 774 

Nick-break test. 1448 

pressure gas welding. 175 

Nickel . 770 

applications . 791 

arc blow . 782 

atomic hydrogen welding . 782 

boron, effect on welding . 115 

braze welding. 785 

brazing . 784 

carbon-arc welding . 783 

carbon, effect on welding. 115 

chemical composition, table . 771 

cleaning . ....775, 784, 785 

conditions for cross-wire welding, 
table . 786 


corrosion resistance. 905 

cross-wire welding. 786 

dissimilar metals . 788 

effect on iron and steel gas weld¬ 
ing rods . 851 

electrode diam. vs. sheet thickness, 
shielded metal-arc welding, table 780 

electrodes .780, 857 

electrodes for dissimilar metals, 

table ... 787 

electrodes, spot welding . 785 

etching ... 788 

finishing .780, 784 

flash welding . 786 

flash welding schedules for rods, 

table . 787 

fluxes .783, 784 

flux-oxygen cutting . 786 

gas welding. 783 

general properties . 770 

heat effect of welding . 780 

how to weld . 774 

hydrogen, effect on welding. 115 

in Cu and Cu alloys . 121 

in low-alloy steels . 109 

inert arc welding .... 782 

inspection .785, 788 

jigs . 780 

joint design, gas welding. 783 

joint geometries, shielded metal- 

arc welding, table . 776 

joint preparation . 775 

lead, effect on welding. 115 

mechanical properties, table . 772. 

mechanical properties, gas welds . 783 
mechanical properties, submerged 

arc welds, table . 783 

metallurgy of . 114 

nitrogen, effect on welding . 115 

oxy-acetylene welding . 783 

oxy-arc cutting . 786 

oxygen cutting . 786 

physical properties, table. 771 

pipe lines . 791 

Piping . 

postheat treatment . 

powder cutting, table . 787 

preheating ...780, 784 

pressure gas welding . 786 

pressure gas welding bars, table . 78/ 

pressure, spot welding . 785 

pressure vessels .. • • 7V1 

projection welding .402, /8o 

radiography . 788 

RR tank cars . . 

seam welding. # .402, 786 

shielded metal-arc welding. '8U 

silicon, effect on welding. 

soft soldering .. • 

spot welding . 402 - 

stud welding ..... • ' g7 

submerged arc welding./o- 

sulfur, effect on welding.- • - “ 

surfacing. ; .;• • • * 

surfacing steel and cast iron, tab 
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tanks . 791 

technique ..780, 784 

tensile properties of welded butt 

joints, table . 781 

tensile strength of gas welds, table 784 
welding procedures. shielded 
metal-arc welding, table ...... 778 

welding rod diam. vs. sheet thick¬ 
ness, table . 784 

welding rods . 783 

Nickel alloys . : • 770 

age hardcnable, metallurgy of .. 116 

(see also Monel. Inconel. Hastel- 
loy, etc). 

Nickel alloy surfacing materials,473, 869 

Nickel bronze welding rods . 863 

Nickel chromium electrodes ....... 858 

Nickel-chromium-iron heat resisting 

alloys . 774 

general properties . 774 

how to weld. 789 

Nickel-clad steels 

corrosion resistance . 90a 

penstocks and large diam. water 
pipe . 1221 

(see also Clad steels) 

Nickel-manganese steels . 6/8 

Nickel and Monel electrodes for ca>t 

iron.588, 85/, 1260 

Nickel and nickel alloy liners .... 833 

Nickel silver . 746 


chemical composition and mech. 
prop, of wrought nickel silver, 

table . 

general properties .. 

oxy-acetylene welding . 

Nitrogen 

in carbon and low-alloy steels . .. 

in Ni and Ni alloys ... 

metallurgical effect on welding .. 

Nomenclature, standard . .. 

Non-corrosive soft soldering fluxes 
Nonferrous metals 

flash welding .. 

oxy-acetylene welding .. 

pressure vessels and boilers 
(see also Copper, aluminum, nickel 


746 

746 

761 

106 

115 

94 

1 

515 

432 

159 

1167 


etc). 

Non-heat-treatable aluminum alloys 688 
Nonmetallic inclusions 

arc and gas welds .. 938 

magnetic particle inspection .... 959 

radiographic inspection . 970 

Non-reversing welding heads, sub¬ 
merged arc welding .. . .. 207 

Non-synchronous controls, resistance 

welding. 340 

Non-uniform heating . 950 

Normal curve . 1017 

Normalizing .88, 987, 1005 

rails . 1250 

No-screen film . 979 

Notch-effect, buildings . 1078 

Notch sensitivity . 993 

Notch toughness . 994 


Notched-bar impact test .. 

Nozzle type regulators, gas welding 


105 

138 


Nozzles 

piping .. ••••/• • 

pressure vessels and boilers 
Nucleation . 


.... 1356 
.... 1177 
... . 85 


—O— 


Oil filters, automotive . 1263 

Oil pans, automotive. 1263 

Oil pipe lines. 1307 

aluminum . 1306 

backing rings .1307, 1309 

carbon steels . 1305 

Code for Pressure Piping. 1306 

codes and specifications . 1305 

composite and construction method 1310 

construction practices . 1309 

design . 1308 

electrodes . 1306 

field welding . 1305 

firing-line method . 1309 

inert-arc welding .. 1306 

inspection and testing .. 1312 

magnetic particle inspection .... 1314 

materials . 130a 

oxy-acetylene welding . 1305 

pressure testing . 1315 

qualification of procedures . 1313 

qualification of welders . 1313 

radiography . 1314 

river crossings . 1310 

shielded metal-arc welding . 1305 

>tove pipe method . 1310 

submerged arc welding . 1305 

visual inspection. 1314 

welding rods . 1307 

workmanship. 1309 

Oil piping . 1333 

Oil storage tanks . 1146 

Open-joint method, pressure gas 
welding 

end preparation . 171 

method of heating . 171 

pressure and alignment . 171 

torches . 171 

upsetting . 171 

welding cycle . 171 

Open-circuit voltage, a.c. arc weld¬ 
ing machines . 184 

Operating conditions, pressure ves¬ 
sels and boilers . 1165 

Operating cycle for pulsation welds 342 
Operating cycle for spot welds .... 333 

Operator factor . 913 

Ordnance 

cast steels. 597 

low-alloy steels . 618 

Oscillators for inert arc welding 

.197, 218 

spark gap. 197 

tube-type . 198 

Otiscoloy steel . 602 

Out-of-face welding . 1244 
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Outlets, piping . 1356 

Overlap, arc and gas welds. 937 

Oxidizing flame . 152 

Oxy-acetylene flame 

adjustment of . 152 

nature of . 132 

neutral flame . 152 

oxidizing flame. 152 

reducing flame . 152 

types of . 151 

Oxy-acetylene welding process .... 151 

aluminum . 159 

aluminum bronze . 760 

applications .158, 160 

automotive products .1262, 1267 

backhand technique . 153 

base metal preparation . 153 

brasses . 759 

braze welding . 154 

carbon steel.158, 585 

cast iron . 159 

Cr-Ni steels . 662 

copper .159, 759 

copper-beryllium alloys . 761 

copper-nickel alloys . 760 

crossings, RR . 1248 

definition . 151 

dissimilar copper alloys . 761 

distortion . 154 

equipment used . 156 

estimating costs . 931 

ferrous metals, welding data, table 159 

fluxes.149, 155, 157 

forehand technique . 153 

frogs . 1246 

fundamentals . 151 

galvanized iron. 159 

generation of heat . 61 

hot shortness, effect of. 155 

inadequate penetration .156, 939 

Inconel . 783 

ingot iron . 584 

inspection .156, 932 

iron and steel . 158 

lead . 793 

locomotive repairs . 1222 

low-alloy steels .159, 617 

machine eqpt. 156 

manual eqpt. 156 

metallurgical effect . 155 

Monel . 783 

multi-layer welding . 154 

nickel . 783 

nickel-silver . 761 

nonferrous metals . 159 

oil, gas and gasoline pipe lines . . 1305 

oxy-acetylene flame. 151 

phosphor bronze. 760 

piping .1346. 1364 

portability . 160 

principles of operation . 151 

rail ends . 1244 

rail lengths . 1250 

silicon bronze . 760 

stainless steels . 159 






938 

156 

157 
581 
550 


surfacing . 160 

switch points. 1248 

temperature pattern during weld¬ 
ing . 154 

tips . 145 

torches . 142 

weld defects .156, 936 

weld quality .156, 

weld size, control of. 

welding rods . 149, 

wrought iron . 

Oxy-arc cutting . 

applications . 553 

auxiliary eqpt. 552 

Cr-Ni steels . 670 

equipment used. 552 

Inconel . 786 

length of underwater cut per elec¬ 
trode, table . 553 

minimum requirements for tubular 
underwater cutting electrodes, 

table . 553 

Monel . 786 

nickel . 786 

principles of operation .. 550 

tubular core electrodes, ceramic . 553 

tubular core electrodes, steel .... 552 

tubular underwater cutting elec¬ 
trodes . 553 

Oxy-hydrogen welding process .... 161 

aircraft . 1280 

aluminum . 162 

applications . 162 

braze welding . 161 

brazing . 161 

definition . J6J 

equipment used . 16J 

flame adjustment . 16J 

fundamentals . |~1 

hydrogen .. 

hydrogen cylinders .• 

lead.16-* 793 

. 1 

.;;.1346 

. 1/C? 

regulators . 

safe practices . 

tips . 

torch brazing .. 

.! 161 

. 161 


magnesium 

piping 


162 

162 


weiding .. 1^ 


torches . 

weld defects .. 
weld quality . 

Oxy-natural gas 

lead .. .. 

Oxy-(other fuel gas) welding proc- ^ 

esses # . 16 3 

applications . ^3 

butane ... ^3 

cupped tips . i 63 

equipment used . I 63 

fundamentals . ^63 

pses used . 793 

lead .. ]63 

manifolding of gases . I 63 

manufactured gas . I 63 

natural gas . 
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propane . 

regulators . 

skirted tips . 

torch brazing . 

weld quality. 

Oxygen 

cylinders .. 

flame hardening . 

manufacture ... 

metallurgical effect of.94, 

safe practices . 

Oxygen-bearing copper . 

Oxygen cutting processes. 

accident prevention . 

acetylene . 

applications . 

auxiliary eqpt. 

basic cutting procedure . 

carbon steel . 

cast iron .545, 

chemical effects . 

chemistry of cutting . 

Cr-Ni steels .5-J7, 

city gas. 

clad steels . 

classification of processes . 

cutting tips . 

definition . 

drag ... 

effect of alloying elements . 

effect of alloying elements, table . 

effect of oxygen purity. 

effect on microstructure. 

elevated temperature cutting .... 

equipment used. 

fire prevention. 

flux-oxygen cutting. 

flux or powder hopper . 

fuel gases used . 

fundamentals . 

heat treatment . 

heavy cutting . 

heavy cutting data for, table. 

hose . 

hydrogen . 

Inconel . 

lance cutting . 

low-alloy steels. 

machine cutting .519 

machine cutting mild steel, table . . 

machine equipment . 

Mn steel . 

manifolding . 

manual cutting.519 

manual cutting mild steel, table . . 

manual equipment . 

materials of poor cutability. 

melt down . 

metallurgical effects . 

Monel . 

multiple cutting . 

natural gas . 

nickel . 

physical effects . 

portable cutting machines . 


163 

163 

163 

163 

163 

136 

575 

135 

107 

1070 

737 

518 

1060 

522 
532 
532 
521 

547 

548 

526 

520 
669 

523 
808 
518 

521 
518 
530 

527 

528 

523 

524 
540 

530 
1064 

543 

532 

521 
518 
527 
537 
537 
532 

522 
786 

536 
547 
, 533 
534 

531 
682 

532 
. 532 

533 

530 
543 

529 

523 
786 

534 

522 
786 

523 

531 


preheating . 2^7 

propane . 522 

quality of cut . 529 

railroads.548, 1219, 1236 

regulators . 532 

rivet cutting . 537 

safe practices . 1060 

scrapping .520, 537 

severance cut . 541 

ships .. 548 

stack cutting . 534 

stationary cutting machines . 531 

steel mills . 548 

surface hardening due to. 524 

torch and tip operation. 520 

torches . 531 

underwater cutting . 546 

underwater cutting pressures, table 547 

underwater cutting torches . 546 

warping . 530 

waster plate . 535 

Oxygen drilling . 556 

billet centering . 559 

chemical effects . 560 

definition . 556 

effect of alloying elements. 561 

effect on base metals . 560 

equipment used. 564 

lancing . 556 

metallurgical effect . 561 

oxygen purity . 556 

preheat fuel . 556 

principles of operation . 556 

punching or piercing. 559 

rivet removal . 557 

technique . 559 

torches and tips . 556 

Oxygen-free copper . 739 

Oxygen lance cutting.536. 556 

Oxygen machining . 552 

applications . 564 

chemical effect . 560 

definition . 555 

deseaming . 555 

effect of alloying elements . 561 

effect on base metals . 560 


equipment used. 

fundamentals . 

gouging . 

hogging ... 

machining techniques 
metallurgical effect . . 

oxygen drilling. 

oxygen purity . 

oxygen turning. 

preheat fuel . 

principles of operation 
quality of oxygen . . . 
railroads. 

scarfing . 

ships . 

steel mills . 

surface planing. 

torches and tips . 


562 

555 

557 

555 

556 
561 
556 
556 
559 
556 
556 
561 
567 

555 
567 
566. 
559 

556 
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Oxygen purity 

gouging . 556 

hogging . 556 

oxygen drilling. 556 

oxygen turning. 556 

scarfing. 556 

surfacing planing. 556 

Oxygen turning 

applications . 565 

chemical effect . 560 

definition . 556 

effect of alloying elements. 561 

effect on base metal . 560 

equipment used. 564 

metallurgical effect . 561 

oxygen purity. 556 

preheat fuel . 556 

principles of operation . 556 

technique . 559 

torches and tips . 556 

—P— 

Painting 

bridges . 1132 

buildings . 1110 

Par 8 . 774 

Parallel operation 

d.c. multiple-operator, arc welding 

machines . 195 



d.c. single-operator, motor-driven 

arc welding machines . 

Parallel spot welding . 

Parent metal (see Base metal) 

Passenger cars, railroad . 

automatic indexing . 

bolsters . 

car bodies . 

car sides .1229, 

design . 

ends .1232, 

erection . 


inspection . 

jigs and fixtures 
materials . 


piping . 

repairs . 

roofs.1231, 

scam welding . 

side-framing. 

side sills . 

spot welding . 

spot welding machines.1231, 

stainless steel cars. 

tension-shear test. 

testing. 

underframes . 

Passivating 

Cr-Ni steels . 

clad steels . 

Pearlite, definition . 

Peel test. 

A1 and A1 alloj^s . 

Peening .991, 

effect on fatigue strength. 


189 

378 

1226 

1231 

1227 

1229 

1234 

1226 

1234 

1234 

1235 
1234 
1226 
1255 

1236 

1234 

1231 
1229 
1227 
1229 

1235 

1232 
1235 
1235 
1226 

656 

830 

86 

982 

702 

1007 

893 


Mg and Mg alloys. 725 

penstocks and large diam. water 

Pipe . 1328 

pressure vessels and boilers. 1184 

Penetrameter . 970 

Penetration 

flash and upset welds . 951 

spot, seam and projection welds 

_ .397, 947 

Penstocks . 1318 

brass .! 1321 

bronze. 1321 

codes and specifications . 1319 

design . 1322 

electrodes .1321, 1327 

erection. 1325 

fabrication . 1325 

field welding . 1328 

hydrostatic tests . 1331 

inspection and testing. 1330 

joint efficiency . 1322 

low-alloy steels. 1321 

low.-carbon steel . 1320 

materials . 1319 

nickel-clad steels . 1321 


peening . 1328 

preheating . 1327 

pressure testing.1327, 1331 

production test plates . 1331 

properties of carbon steel plates 

of firebox quality, table. 1320 

properties of carbon-silicon steel 

plates, table . 1321 

qualification of procedures. 1330 

qualification of welders . 1330 

radiography .1327, 1331 

span length . 1322 

stress relief . 1328 


support rings . 1322 

trepanning.1327, 1331 

workmanship. 1325 

Percussion stud welding guns . 208 

Percussion welding machines . 354 

Percussion welding process. 442 

applications . 445 

definition .• 442 

eqpt. used .445, 454 

fundamentals . 442 

principles of operation . 442 

Vang method .. • • • 444 

Periods of rest, effect on fatigue 


strength 


896 


Phase shift heat control . ^44 

Phosphor bronze ... 

atomic hydrogen welding . 

brazing . * / 

chemical composition and mecn. 

prop, of wrought phosphor 

bronze, table .. ...« 

electrodes .. 859, 743 

general properties . 

inert arc welding . 76 q 

oxy-acetylene welding . 

resistance weldyig ••••; . yci 

shielded metal-arc welding. 
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submerged arc welding. 

welding rods . 

Phosphorized copper. 

Phosphorus 

effect on iron and steel gas weld¬ 
ing rods . 

effect on manganese steel . 

in carbon and low-alloy steels .107, 

in Cu and Cu alloys . 

Physical effects 

arc cutting .. 

oxygen cutting . 

Physical properties 

A1 and A1 alloys . 

Cr-Ni steels . 

flame hardened parts . 

lead . 

Mn steel . 

zinc . 

Physics of welding .. 

Pick-up, spot, seam and projection 

welding . 

Pickling, clad steels . 

Pillow test . 

Pin holes ... 

Pinch effect, metal-arc welding .... 
Pipe 

cast iron . 

wrought iron. 

Pipe lines ......... 

oil, gas and gasoline pipe lines . . 
penstocks and large diam. water 

pipe .... 

water pipe lines . 

Pipe and tube, machinery construc¬ 
tion . 

Piping, industrial . 

allowable pressures .1337, 

allowable stresses .1337, 

A1 and A1 alloys. 

backing rings .1345, 1353, 

brass . 

braze welding . 

brazing .512. 1346, 1358, 

butt joints . 

Cr steels. 

Cr-Ni steels . 

cleaning . 

codes and specifications . 

cold pulling . 

continuous backing rings . 

copper . 

Cu-Ni alloys . 

cup joint. 

design . 

dimensional standards .1334, 

dissimilar metals . 

distortion .1366, 

end preparation . 

ferrous materials . 

fillet welds. 

finishing . 

fittings . 

flanges . 

fluorescent penetrant inspection . . 


758 

862 

739 


851 

673 

600 

121 

551 

523 

687 

648 

572 

793 

675 

799 

45 

397 

830 

982 

944 

235 

590 

583 

1305 

1305 

1318 

1316 

1141 

1333 

1353 

1353 

1347 

1356 

1346 

1365 

1365 

1353 

1336 

1337 
1368 

1333 
1368 
1356 
1346 
1346 
1360 

1353 
1345 

1360 

1367 

1361 

1334 

1354 

1368 
1356 
1356 
1370 


graphitization . 1330 

horizontal fixed position . 1364 

horizontal rolled position . 1363 

hydrostatic tests. 1371 

Inconel . 1347 

inert arc welding .1346. 1365 

inspection and testing. 1369 

intersecting joints . 1355 

jigs and fixtures. 1362 

lead .794, 1347, 1360 

local stress relief. 1336 

low-alloy steels . 1336 

magnetic particle inspection . 1370 

Monel . 1347 

necks . 1356 

nickel .791, 1347 

nonferrous metals . 1345 

nozzles . 1356 

outlets . 1356 

oxy-acetylene welding.1346, 1364 

oxy-hydrogen welding . 1346 

preheating.1335, 1336, 1337, 1366 

preparation for welding. 1361 

properties of A1 and A1 alloy pip¬ 
ing, table . ;•.••• 1351 

properties of carbon steel piping, 

table . 1338 


properties of Cu and Cu alloy pip¬ 


ing, table ..... 1348 

properties of high-alloy steel pip¬ 
ing, table . 1342 

properties of lead and lead alloy 

piping, table . 1352 

properties of low-alloy steel pip¬ 
ing, table . 1340 

properties of medium-alloy steel 

piping, table . 1344 

properties of Ni and Ni alloy pip¬ 
ing, table. 1350 

(jualification of procedures ..1334, 1369 

qualification of welders.1334, 1369 

radiographic inspection . 1370 

railroads . 1255 

repairs . 1366 

service tests . 1371 

shielded metal-arc welding ..1346, 1363 

shrinkage .1362, 1366 

silicon bronze . 1346 

soft soldering .1346, 1359, 1365 

split backing rings. 1356 

split joint . 1360 

straightening . 1367 

stress relief ....1335, 1336, 1337, 1366 

submerged arc welding. 1365 

tack welding . 1363 

trepanning . 1370 

underbead cracking . 1335 

unequal thickness, joints between 1354 

vertical fixed position. 1363 

visual inspection. 1369 

weldability . 1335, 1346 

welding and service conditions for 
A1 and A1 alloy piping, table .. 1351 
welding and service conditions for 
carbon steel piping, table. 1339 
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welding and service conditions for 
Cu and Cu alloy piping, table 1349 
welding and service conditions for 
high-alloy steel piping, table .. 1343 
welding and service conditions for 
lead and lead alloy piping, table 1352 
welding and service conditions for 
lovv-alloy steel piping, table ... 1341 
welding and service conditions for 
medium-alloy steel piping, table 1344 
welding and service conditions for 
Ni and Ni alloy piping, table .. 1350 


workmanship . 1361 

Plain thermit . 450 

Plate girders, buildings . 1097 

Plate layout, pressure vessels and 

boilers . 1179 

Platens and horns 

projection welding machines. 314 

spot welding machines . 314 

Plates, machinery construction .... 1140 

Plug welding, applied liners. 838 

Plumbing, lead . 797 

Pneumatic tests, pressure vessels 

and boilers. 1189 

Pointer-stop ammeter. 359 

Poisson distribution . 1020 

Polarity, electrode .58, 60 

Porosity 

arc and gas welds . 938 

clad steels . 828 

flash and upset welds .397, 951 

magnetic particle inspection . 959 

radiography . 972 


spot, seam and projection welds .. 948 

Portable manifolding of cylinders . 136 

Portable oxygen cutting machines . 531 

Portable spot and seam welding ma¬ 


chines ...316, 321 

automotive bodies . 1266 

RR cars . 1235 

Portable stud welding guns . 295 

Positioners, welding . 219 

Positions of welding 

atomic hydrogen welding. 250 

lead . 795 

pipe . 1363 

submerged arc welding . 276 

Positive pressure cutting torch .... 531 

Postheat controls, resistance welding 344 

Postheat treatment . 1001 

aircraft . 1291 

A1 and A1 alloys . 690 

Cr-Ni steels . 656 

Inconel . 788 

low-alloy steels . 615 

Mg and Mg alloy castings . 733 

Monel . 788 

nickel . 788 


(see also Stress relief, normaliz¬ 
ing, annealing, etc.) 

Powder cutting (see Flux-oxygen 
cutting) 

Powder or flux hopper, flux-oxygen 

cutting . 532 


f 




I 




I 




i 


Powder guns, metallizing. 494 

Power factor correction 

a.c. arc welding machines. 183 

a.c. inert arc welding machines .. 196 

Power guns, metallizing . 493 

Power output control for a.c. arc 

welding machines . 185 

Power factor correction, resistance 

welding ... 346 

series capacitors. 346 

shunt capacitors . 347 

Power supply 

a.c. arc welding machines . 183 

atomic hydrogen welding machines 205 

d.c. arc welding machines . 189 

induction welding . 466 

inert arc welding machines ...196, 199 

resistance welding .354, 369 

stud welding . 208 

submerged arc welding.206, 278 

Precipitation hardening, definition . 987 

Precipitation heat treatment. 1006 

Precipitation in steel . 87 

Precision timers. 340 

Preheat controls, resistance welding 344 
Preheat fuel 

gouging. 556 

hogging . 556 

oxygen drilling. 556 

oxygen turning. 556 

scarfing . 556 

surface planing . 556 

Preheating . 997 

cast irons ...587, 588 

Cr steels. 629 

clad steels . 828 

Inconel .780, 784 

machinery construction . 1144 

Mg and Mg alloy castings . 732 

Monel .780, 784 

nickel .780, 784 

oxygen cutting . 527 

penstocks and large diam. water 

pipe . 1327 

piping .1335-1337, 1366 

pressure vessels and boilers . 1184 

thermit welding.451, 457 

Premium inspection, pressure vessels 

and boilers... H'' 

Preparation for welding 

cast irons . 

Cr-Ni steels . 

clad steels . ^ 

lead . 

low-alloy steels. 

Mg and Mg alloys. 

oxy-acetylene welding . 

piping ... 

pressure vessels and boilers . 

storage tanks . ^ 

surfacing . g 00 

Zinc ...■•.. 

Press-type spot welding machines .. 

air-operated machines . 

general construction . 


























































































SUBJECT INDEX 


1627 

0 


horns and platens . 314 

hydraulic machines .. 315 

motor-operated machines.. 315 

Pressure-controlled spot welding 

machines . 316 

Pressure gas welding process . 165 

aircraft .179, 1281, 1292 

applications .... 177 

automatic machines . 175 

auxiliary eqpt. 175 1 

boiler tubes . 180 

carbon steels . 177 

Cr-Ni steels . 663 

closed-joint method . 165 

Cu alloys . 177 

definition ... 165 

destructive testing . 175 

dissimilar metals . 177 

effect on base metal .. ... 172 

end preparation, closed-joint 

method . 168 

end preparation, open-joint method 171 

endurance limits. 173 

endurance limits, table . 173 

eqpt. used. 175 

fundamentals . 165 

gas regulators. 177 

hardness of welds. 173 

heating heads. 175 

high-alloy steels . 177 

impact testing .175 

Inconel .177. 786 

inspection . 174 

joint dimension data, closed-joint 

method, table . 170 

low-alloy steels .177, 618 

machine tools . 180 

machined chip test. 175 

machines . 175 

Mg and Mg alloys . 735 

magnetic particle inspection . 175 

manually-operated machines .... 175 

mechanical properties . 173 

mechanical properties, table . 172 

method of heating, closed-joint 

method . 165 

method of heating, open-joint 

method . 171 

Monel .177, 786 

nick-break test . 175 

nickel . 786 

open-joint method . 171 

pipe lines . 179 

pressure and alignment, closed- 

joint method . 168 

pressure and alignment, open-joint 

method . 171 

pressure heads. 175 

principles of operation . 165 

proof testing . 175 

quality control. 174 

radiographic inspection. 175 

rail welding . 177, 1250 

rings . 179 

stainless steel. 179 


supersonic testing . I'** 

torches, closed-joint method - 165 

torches, open-joint method . 171 

typical pressure cycles, closed- 

joint method, table . 170 

upsetting, closed-joint method ... 170 

upsetting, open-joint method - 171 

visual inspection . 174 

water cooling . 177 

weld quality .. 173 

welding cycle, closed-joint method 169 
welding cycle, open-joint method 171 

Pressure piping .. 1333 

Pressure, spot welding 

Inconel . 785 

Monel . 785 

nickel . 785 

Pressure tests 

applied liners . 840 

pipe lines .1315. 1327, 1331 

Pressures vessels and boilers . 1157 

acceptable nozzles and other con¬ 
nections . 1176 

allowable stresses. 1170 

application of materials, table .... 1171 

assembly. 1180 

atomic hydrogen welding. 1182 

austenitic steels. 1167 

Boiler Code, and API-AS ME 

Reqts., table . 1162 

brazing . 1183 

carbon arc welding . 1183 

carbon steels . 1166 

chromium steels . 1167 

clad steels .1167. 1192 

classification . 1157 

codes and regulations . 1163 

comparison of types of construc¬ 
tion. table. 1158 

construction factors . 1177 

construction methods . 1157 

corrosion resistant liners and clad 

plates. 1192 

design . 1170 

design formulas . 1174 

design loading criteria . 1171 

elevated temperatures . 1165 

etching . 1188 

fabrication . 1179 

field-assembled vessels . 1190 

finishing . 1184 

fluorescent penetrant inspection .. 1187 

forge welding . 1158 

forming . 1179 

girth seam welding . 1177 

hammer tests . 1189 

hydrostatic tests . 1188 

inert arc welding . 1182 

inspection . 1186 

internally insulated vessels . 1192 

joint efficiencies .1170. 1174 

local stress relief . 1185 

low-alloy steels . 1167 

magnetic particle inspection . 1187 

materials . 1164 
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max. allowable working stresses, 


table. 1173 

multi-layer or banded vessels ... 1192 

nonferrous metals. 1167 

operating conditions . 1165 

peening . 1184 

plate layout . 1179 

pneumatic tests . 1189 

preheating . 1184 

premium inspection . 1177 

preparation for welding. 1180 

pressure gas welding. 180 

pressures . 1165 

production test plates. 1184 

production test requirements, table 1160 

proof testing . 1189 

qualification of procedures . 1183 

qualification of welders . 1183 

radiographic inspection . 1186 

repairs. 1182 

resistance welding . 1183 

safe load limits . 1172 

sectioning . 1188 

shielded metal-arc welding. 1182 

specifications for principal ma¬ 
terials used, table . 1168 

stress relief.1178, 1185, 1191 

stress relief heat treatments, table 1185 

stud welding . 306 

submerged arc welding . 1182 

supersonic inspection . 1188 

supports . 1178 

thin-walled vessels. 1191 


trepanning . 

ultrasonic inspection . 

visual inspection. 

working pressures . 

working temperatures . 

Pressures, pressure vessels and 

boilers . 

Primer C. 

Principles of operation 

a.c. arc welding machines . 

atomic hydrogen welding . 

carbon-arc cutting. 

carbon-arc welding . 

d.c. multiple-operator arc welding 

machines . 

d.c. single-operator, motor-driven 

arc welding machines. 

flame hardening . 

flame softening. 

flash welding . 

gouging . 

hogging. 

inert arc welding. 

metal-arc cutting. 

metal-arc welding. 

metallizing. 

oxy-acetylene welding . 

oxy-arc cutting . 

oxygen drilling. 

oxygen turning . 

percussion welding. 

pressure gas welding. 


1188 

1188 

1186 

1171 

1172 

1165 

774 

185 

249 

550 

220 

195 

190 

568 

576 

421 

556 

556 

263 

550 

234 

483 

151 

550 

556 

556 

442 

165 I 


scarfing . 555 

spot, seam and projection welding 366 

stud welding . 293 

submerged arc welding . 272 

surface planing . 556 

thermit welding . 449 

upset welding . 441 

Printed circuits, metallizing . 496 

Procedure qualification (see Qualifi¬ 
cation of welding procedures) 

Procedure qualification tests . 1473 

Procedures, soft soldering. 516 

Process minimums . 1035 

Production estimates . 920 

Production test plates 
penstocks and large diam. water 

pipe . 1331 

pressure vessels and boilers. 1184 

Progressive cylindrical method, 

flame hardening. 570 

Progressive flame hardening .... 569 

Progressive fracture. 885 

Progressive gouging. 557 

Progressive spinning method, flame 

hardening . 570 

Projection welding machines and 

equipment . 312 

air-operated machines . 315 

electrodes . 334 


general construction . 313 

horns and platens . 314 

hydraulic machines . 315 

motor-operated machines . 315 

Projection welding process . 387 

aircraft .293, 402, 1281 

A1 and A1 alloys . 401 

applications . ....388, 400 

automotive products ..402, 1262, 1267 

buildings . 402 

cavities .944, 948 

cleaning . 377 

coated materials . 402 


communications . 

Cu and Cu alloys. 

corrosion resistance 

cracks .. 

cross-wire welding 

current . 

definition . 

dissimilar metals . 

distortion . 

ductility . 

edge distance . 

effect on base metals . 
electrical characteristics 

electrical eqpt. 

electrode clearance. 

electrode force. 

electrode maintenance . 

electrodes . 

eqpt. used . 

expulsion . 

forging pressure . . .. 

formation of projections . 
generation of heat . 


... 402 

... 401 
... 949 

397, 944 
... 388 

... 363 

.. 362 

.. 402 

.. 394 

.. 946 

.. 398 

.. 394 

.. 367 

.. 402 

.. 398 

.. 365 
.. 399 

.. 366 

.. 312 

. 947 

.. 376 

.. 387 
. 369 
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hardware .. 

heat balance ..*574, 

heat dissipation . 

housewares . 

indentation .397, 944, 

industrial eqpt. 

influence of base metal composition 

influence of current . 

influence of electrodes . 

influence of pressure .. 

influence of surface conditions . .. 

influence of time . 

iron . 

lead and lead alloys. 

low-alloy steels .-Ml. 

low-carbon steels. 

Mg and Mg alloys .. 

mechanical characteristics . 

medium carbon steels . 

metallurgical effects . 

molybdenum . 

Ni and Ni alloys .402, 

penetration .397, 

pickup . 

pin holes . 

porosity ..397, 

power requirements . 

principles of operation . 

quality control .. 

recommended practices . .. 

recommended practices for de¬ 
sign, table .... 

recommended practices for mild 

steel, table ... 

recommended practices, punch and 

design, table ... 

recommended practices for stain¬ 
less steels, table . 

residual stresses . 

sheet separation . 

shrinkage . 

silver ... 

size and shape of projections .... 

stainless steels .401, 

strength . 

studs . 

surface appearance .396, 

surface conditions, table . 

surface fusion . 

surface preparation . 

surface preparation control . 

tantalum . 


402 

393 

375 

402 

946 
402 
374 

370 

373 
372 

374 

371 
401 
401 
617 
401 
401 
367 

401 
395 

402 
786 

947 

397 
944 

948 
369 
366 

398 
391 

413 

414 
416 


tungsten . 

warpage .... 

weld properties . . 
weld quality . .. 

weld size . 

welding schedules 
weldment defects 


396 


zinc . 

Proof stressing . 

Proof tests .. 

pressure gas welding .... 
pressure vessels and boilers 
Propane . 


415 

395 
397 
394 

401 

389 
667 
946 

390 

943 

944 
944 
376 
378 

402 
402 
394 

396 
396 
944 

391 
943 
401 

1008 

980 

175 

1189 

133 


furnace brazing . 50 d 

gas welding . 133 

oxy-(other fuel gas) welding ... 163 

oxygen cutting . 522 

Propeller barrels . 179 

Propeller shafts, automotive . 1264 

Properties of welded joints . 882 

corrosion resistance . 901 

fatigue strength . 884 

impact resistance .. 882 

Protection against oxidation, Cr 

steels . 628 

Protective clothing .. 1070 

atomic hydrogen welding . 256 

gas welding ..150, 1070 

shielded metal-arc welding ...244, 1070 

Pulsating stress . 885 

Pulsation weld timers . 342 

Pulsation welding . 379 

recommended practices for pulsa¬ 
tion welding low-carbon steel, 

table . 417 

recommended practices for pulsa¬ 
tion welding stainless steel, table 418 
Punching or piercing . 559 


Q alloys .. 

Qualification of welding procedures 

aircraft .1299, 1300, 

oil, gas and gasoline pipe lines .. 
penstocks and large diam. water 

pipe . 

piping .1334, 

pressure vessels and boilers . 

standard qualification procedure 

storage tanks . 

Qualification of welders 

aircraft . 

bridges . 

buildings . 

general principles. 

locomotives . 

oil, gas and gasoline pipe lines . . 
penstocks and large diam. water 

.pipe . 

piping .1334, 

pressure vessels and boilers. 

standard qualification procedure . . 

storage tanks . 

Quality control 

aircraft . 

metallizing . 

pressure gas welding. 

spot, scam and projection welding 

statistical methods . 

Quality of cut, oxygen cutting. 

Quality of oxygen machined surfaces 

Quality of sprayed deposits . 

Quantity of metal deposited. 

Quantity of metal melted . 

Quenching, definition . 

Quenching and tempering . 


774 

1301 

1313 

1330 

1369 

1183 

1473 

1152 

1297 

1133 

1114 

1045 

1221 

1313 

1330 

1369 

1183 

1481 

1152 

1297 

490 

174 

398 

1010 

529 

561 

490 

919 

919 

987 

1006 
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“R” Monel . 770 

(see also Monel) 

Radiated heat for preheat. 997 

Radiation of heat . 66 

Radiators, automotive . 1262 

Radiographic inspection . 970 

aircraft ..1297, 1300, 1301 

applied liners . 842 

back scatter . 975 

basic principles . 970 

bridges . 1134 

Bucky grid . 980 

buildings. 1114 

calcium tungstate screens . 978 

cassettes . 980 

contrast . 971 

cracks . 972 

defects revealed . 972 

density of exposure. 979 

exposure factors . 977 

film . 978 

film-handling marks . 975 

film-processing marks . 974 

gamma-ray source. 976 

high voltage X-ray sources . 977 

Huerter and Driffield curves. 979 

inadequate penetration . 974 

incomplete fusion . 975 

Inconel . 788 

lead screens . 980 

locomotives . 1221 

Mg and Mg alloys . 719 

Monel . 788 

nickel . 788 

nonmetallic inclusions . 972 

no-screen film. 979 

oil, gas and gasoline pipe lines ...1314 

penetrameter, use of . .. 970 

penstocks and large diam. water 


piping . 1370 

porosity . 972 

pressure gas welding .. 175 

pressure vessels and boilers. 1186 

scattered radiation . 980 

secondary radiation .975, 980 

sensitivity . 970 

sharpness of image delineation . . . 970 

ships . 1212 

surface condition, effect of . 976 

viewing conditions . 972 

X-ray protection . 980 

X-ray source . 976 

X-rays vs. gamma rays . 976 

Rail welding . 1248 

pressure gas welding. 177 

thermit welding . 461 

Railroad bridge loadings . 1128 

Railroads . 1215 

air reservoirs. 1220 

A1 and A1 alloys. 706 

bridges . 1117 

cast steels. 597 


codes and specifications ....1215, 1222 

design ..1215, 1226 

Diesel electric locomotives . 1225 

firebox construction . 1216 

freight cars . 1238 

frogs . 1246 

hydrostatic test. 1221 

inspection and testing. 

. : .1221, 1225, 1235, 1242 

locomotive cylinders . 1219 

locomotive tenders . 1220 

locomotives . 1215 

low-alloy steels . 618 

maintenance. 1222 

Ain steels . 685 

Monel . 791 

oxygen cutting . 548 

oxygen machining . 567 

passenger cars . 1226 

qualification of welders . 1221 

radiography . 1221 

rail crossings . 1248 

rail end repairs . 1244 

rail switch points . 1248 

rail welding .177, 461, 898, 1248 

steam pipe . 1255 

stud welding . 306 

tank cars . 1242 

tracks . 1244 

water tanks . 1150 

Railway bridges (see Bridges) 

Range ratio . 886 

Reaction stresses, definition. 69 

Rear axle housings, automotive .... 1264 

Rebuiding frogs and crossings. 1248 

Recommended practices 

flash welding. 433 

projection welding . 391 

seam welding . 385 

spot welding . 379 

Recording magnetic particle indica¬ 
tions .... . 966 

Recrystallization of metals .. o6 

Rectifier-capacitor for percussion 

stud welding . 209 

Rectifier type, single-operator d.c. 

welding machines . 194 

Rectifiers # 

d.c. arc welding machines . *94 

induction welding . 

Reduced-section tension test . 14o^ 

Reducing flame ... 

Regulators, flash welding . 

Regulators, gas „ 

air-acetylene welding . ^ 

atomic hydrogen welding. "J? 

connection to cylinders and hose . J 

flame hardening . 

high-capacity type .••• 1 

inert arc welding . ^5 

metallizing. j^g 

nozzle-type . 14 q 

operation . : . j^g 

oxy-acetylene welding . „ 

oxy-hydrogen welding . 
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oxy-(other fuel gas) welding ... 163 

oxygen cutting .. 532 

pressure gas welding . 177 

safe practices .141, 1061 

stem-type . 139 

two-stage type .. 139 

Reheating, manganese steel . 675 

Repairs 

cast irons . 588 

freight cars .... 1242 

magnetic particle inspection . 968 

Mn steel. 682 

passenger cars, RR. 1236 

piping . 1366 

* pressure vessels and boilers . 1182 

rail ends. 1244 

ships . 1214 

Repeated stress.... 885 

Residual method, magnetic particle 

inspection . 963 

Residual stresses 

buildings . 1074 

Cr-Ni steels . 666 

control of .72, 995 

definition . 69 

distribution and magnitude . 72 

factors affecting production . 69 

machinery construction . 1143 

Mn steel ..... . 681 

metal-arc welding . 244 

relief of . 74 

spot, seam and projection weld¬ 
ing .395, 666 

submerged arc welding . 274 

theory . 69 

Resistance brazing . 507 

electrodes . 509 

equipment used. 507 

filler metal . 510 

source of current . 509 

water-cooled tongs . 509 

Resistance heating, soft soldering . 517 

Resistance, theory of, in welding . . 61 

Resistance welding machines and 

equipment . 308 

applied liners . 835 

basic requirements . 308 

dry-disc rectifier machines . 348 

electrical characteristics . 345 

electrical protective devices . 358 

electrochemical stored-energy ma¬ 
chines . 352 

electrodes . 330 

electromagnetic stored-energy ma¬ 
chines . 351 

electrostatic stored-energy ma¬ 
chines . 350 

equivalent continuous loading of 

typical installations, table . 356 

flash welding .325. 431 

frequency converter machines . . . 347 

homo-polar generator machines . 349 

installation . 356 

measuring devices . 359 

percussion welding .354. 445 


power factor correction . 346 

power supply . 3 d4 

projection welding . 312 

relationships of primary and sec- 

dary circuit, table . 359 

roller spot welding . 318 

seam welding . 318 

secondary circuit . 346 

spot welding . 308 

storage battery machines. 352 

stored-energy machines . 350 

transformer ratings . 345 

three-phase machines. 347 

upset welding . 323 

Resistance welding processes 

accident prevention . 1065 

aluminum bronze . 762 

automotive products ..1262, 1263, 1264 

brasses . 762 

carbon steel . 585 

Cr-Ni steels . 664 

copper . 762 

fire prevention . 1063 

generation of heat . 61 


ingot iron 


584 


low-alloy steels 


616 


Mn steel 


680 


phosphor bronze . 762 

pressure vessels and boilers . 1183 

railroads ..1229, 1231, 1235, 1238, 1252 

silicon bronze . 762 


visual inspection . 953 

weldment defects . 943 


wrought iron . 581 

(see also Spot, scam, flash, pro¬ 
jection and upset welding) 

Results of impact tests . 882 

Reverse polarity . 16 

Reversed stress . 885 


Reversible heat . 68 

Reversing welding heads, sub¬ 
merged arc welding. 207 

Rider plates, ships . 1198 

Rigid-frame connections . 1091 

Rigid frame details . 1109 

Rigid frame details for short spans . 1111 

Rigid frames .1076. 1104 

Rings, pressure gas welding. 179 

Risers, thermit welding . 456 

River crossings 

oil, gas and gasoline pipe lines .. 1310 

water pipe lines. 1317 

Rivet cutting. 537 

Rivet removal . 557 

Rivet washing . 557 

Riveting and welding in combina¬ 
tion, ships . 1200 

Rocker arm spot welding machines. 308 

air-operated machines . 310 

electrode settings . 309 

foot-operated machines . 310 

motor-operated machines . 311 

Rocker arms, automotive . 1262 

Rockwell, conversion to Brinell, 

table . 1561 
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Rockwell superficial hardness num¬ 


bers, table . 1561 

Roll welding . 447 

clad steels . 802 

Roll spot welding . 382 

Roll spot welding machines. 318 

driving mechanism . 321 

throat depth . 320 

Roof carline, railroads . 1231 

Roofs 

freight cars .1238, 1241 

passenger cars, RR .1231, 1234 

Root-bend test . 1450 

Rotary roughening tool .483, 492 

Rough threading . 484 


Safe beam loads for standardized 


building connections . 1094 

Safe load limits, pressure vessels and 

boilers . 1172 

Safe practices . 1060 

accident prevention . 1064 

acetylene . 132 

arc welding machines ..188, 193, 1061 

atomic hydrogen welding . 256 

cables . 1062 

cadmium . 1069 j 

cylinders. 1061 

dust . 1068 

electrode holders . 1062 

eye protection . 1067 

face shields . 1068 , 


fire prevention. 1063 

fluorides . 1069 

fluxes . 1069 

fumes . 1068 


gas welding eqpt. 1060 

gases . 1068 

goggles . 1068 

grounding . 1062 

health protection . 1068 

helmets . 1068 

hose . 1060 


inert arc welding 


264 


Sample estimates . 

Sample preparation, metallographic 

tests . 

Scarf joints, brazing . 

Scarfing .’ ’ * 

applications . 

chemical effect on base metals . .*.’ 
definition . 

effect of alloying elements . 

effect on base metals . 

machine technique . 

manual eqpt. 

manual technique . 

mechanical eqpt. 

metallurgical effect .* 

oxygen purity .’ 

preheat fuel . # * 

principles of operation . 

torches and tips . 

Scrap vs. total material cost . 

Scrapping, oxygen cutting .520, 

Seal welding, locomotives fireboxes 


924 

956 

500 

555 

564 

560 

555 

561 

560 
557 

562 

556 

563 

561 
556 
556 
556 
556 
910 
537 


.;.;.1219, 1222 

Seam welding machines and equip¬ 


ment . 318 

can welding. 321 

cooling .323 

driving mechanism . 321 

electrodes . 334 

fixtures . 321 

portable machines . 321 

special machines . 321 

traveling electrode machines .... 321 

traveling fixture machines . 321 

throat depth . 320 

Seam welding process . 362 

aircraft .402, 1281, 1286, 1293 

A1 and A1 alloys .401, 703 

applications . 400 


applied liners 


837 


automotive products.402, 1264 

buildings. 402 

cavities .944, 948 


cleaning . 377 

coated materials . 402 


communications 



lead .797, 1068 

lenses . .^. 1068 

limited input arc-welding ma¬ 
chines . 1061 

manifolding .137, 1061 

National Electrical Code . 1062 

oxy-hydrogen welding . 162 

oxygen .137, 1070 

oxygen cutting eqpt. 1060 

protective clothing. 1070 

recommended cable sizes for arc 

welding, table . 1063 

regulators .141. 1061 

shielded metal-arc welding ..244, 1061 

ventilation . 1068 

welding leads . 1062 

work leads . 1062 

X-ray protection . 980 

zinc chills . 1069 I 


continuous motion welding 

Cu and Cu alloys . 

corrosion resistance . 

cracks . 

current . 

definition . 

direct welds . 

dissimilar metals . 

distortion . 

ductility . 

edge distance. 

effect on base metals .. 

electrical characteristics .. 

electrical eqpt. . 

electrode clearance . 

electrode force . 

electrode maintenance .... 

electrodes . 

equipment used . 


..382, 385 

. 401 

. 949 

..397, 944 
.... 363 

.... 362 
.... 384 

.... 402 

.... 394 

.... 946 
.... 398 

.... 394 

.... 367 

.... 402 

.... 398 

.365 

... 399 

... 366 
... 318 
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expulsion .... 948 

external cooling .387 , 

forging pressure . 376 

generation of heat . 369 

hardware . 402 

heat balance . 374 

heat dissipation. 37o 

housewares . 402 

impact resistance . 883 

indentation .397. 944. 946 

indirect welds . 384 

industrial eqpt. 402 

influence of base metal composi¬ 
tion . 3/4 

influence of current . 370 

influence of electrodes . 373 

influence of pressure .. 372 

influence of surface conditions . . 374 

influence of time . 371 

iron . 401, 584 

intermittent motion welding ..383. 385 

lead and lead alloys . 401^ 

low-alloy steels .401, 617 

low-carbon steels .401, 585 

Mg and Mg alloys ... ..401. 734 

mechanical characteristics . 367 

medium carbon steels . 401 

metallurgical effects . 395 

molybdenum . 402 

multiple-row welds . 385 

multi-transformer weld>. 385 

Ni and Ni alloys .402. 786 

passenger cars, RR . 1231 

penetration .397, 947 

pickup . 397 

pin holes . 944 

porosity .397, 948 

power requirements . 369 

pressure vessels and boilers. 1183 

principles of operation . 366 

quality control . 398 

recommended practices . 385 

recommended practices for low- 

carbon steel, table. 411 

recommended practices for stain¬ 
less steels, table . 41 ’ 

residual stresses . 395 

series welds . 385 

sheet separation . 397 

shrinkage . 3° 4 

silver . 40 

single-row welds . 385 

stainless steels .401. 638. 667 

strength . 946 

surface appearance .396. 94 5 

surface conditions, table . 944 

surface fusion . 944 

surface preparation .. 376 

surface preparation control . 378 

tantalum . 40 9 

tungsten . J 0 ? 

types of welds . 383 

warpage . 394 

weld properties. 396 

weld quality . 396 


weld size .396, 944 

welding schedules . 38a 

weldment defects . 943 

zinc .• 401 

Secondary radiation, radiography 975, 980 
Sectioning 

pressure vessels and boilers. 1188 

storage tanks...^ 1153 

Selection of surfacing materials 470, 870 

Semi-automatic arc welding . 17 

Semi-rigid frame building connec¬ 
tions . 1094 

Semi-rigid frames.1076, 1104 

Sequence of flash welding operations 421 

Sequence timers . 341 

Sequence-weld timers. 341 

Sequential analysis . 1031 

Series capacitors . 346 

Series welds 

seam welding . 385 

spot welding . 378 

Service performance, improvement 

of . 992 

Service tests, piping . 1371 

Severance cut . 541 

Shear modulus, definition . 987 

Shear warp . 1139 

Sheet separation. 949 

spot, seam and projection weld¬ 
ing . 397 

Shielded carbon-arc welding . 220 

Shielded metal-arc welding, eqpt. 

and materials . 182 

a.c. machine ratings, table. 183 

a.c. machines . 182 

a.c. machines used for inert arc 

welding . 196 

arc length control . 212 

automatic arc traversing . 210 

d.c. multiple-operator machines... 194 
d.c. single-operator, engine-driven 
machines. 193 

d.c. single-operator, motor-driven 

machine ratings, table . 188 

d.c. single-operator, motor-driven 

machines. 188 

d.c. single-operator, rectifier type 

machines. 194 

fdler inctal feed . 214 

limited input machine ratings, 

table . 183 

Shielded metal-arc welding process 234 

A1 and A1 alloys .690, 694 

aluminum bronze . 754 

arc crater . 236 

arc stability . 236 

arc voltage and arc length . 241 

automotive products ..1260, 1262, 1264, 

. 1269 

brasses . 752 

carbon steel . 585 

chromium steels . 635 

Cr-Ni steels. 657 

clad steels . 811 

Contact electrodes . 241 
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copper . 752 

copper-beryllium alloys . 754 

Cu-Ni alloys . 754 

definition . 234 

design . 242 

dissimilar copper alloys . 755 

distortion . 243 

electrodes . 243 

equipment used . 244 

estimating costs . 916 

freight cars . 1239 

frog repairs . 1248 

Inconel . 780 

influence of base metal variables, 

table ... 245 

influence of welding procedure 

variables, table . 246 

ingot iron . 584 

joint preparation . 242 

locomotives .1219, 1222 

low-alloy steels . 615 

machine welding eqpt. 244 

manual eqpt. 244 

mechanism of weld metal deposi¬ 
tion . 234 

metallurgical effects . 244 

metallurgical zones . 236 

Monel . 780 

nickel . 780 

oil, gas and gasoline pipe lines . 1305 

passenger cars, RR .1226, 1229 

phosphor bronze . 753 

• • 


inspection . 2211 

intermittent welding . *’*.* 1298 

joint design .. * ’ 2200 

joint intersections . 2205 

magnetic particle inspection .... 1212 

materials. H96 

oxygen cutting . 543 

oxygen machining . 567 

radiographic inspection . 1212 

repairs . 1214 

rider plates .* 1198 

riveting and welding in combina¬ 
tion . 1200 

shrinkage . 1208 

shrinkage allowances, table. 1209 

spacing of intermittent welds, 

table . 1200 

strength of fillet welds . 1203 

stringers . 1198 

strongbacks . 1205 

stud welding . 305 

subassemblies .1197, 1209 

thermit welding . 463 

trepanning . 1212 

tucking allowances . 1209 

ultrasonic inspection . 1212 

visual inspection . 1211 

workmanship. 1204 

Shrinkage 

allowances in castings . 1574 

buildings. 1108 

Cr-Ni steels.666 


piping .1346, 1363 

pressure vessels and boilers _ 1182 

principles of operation . 234 

railroad repairs . 1246 

residual stresses . 244 

shrinkage . 243 

silicon bronze . 753 

speed of welding . 241 

striking and holding arc . 241 

surfacing . 475 

tank cars . 1242 

warpage .. 243 

weld quality . 244 

welding sequence . 244 

work handling eqpt. 244 

wrought iron . 582 


control of . 990 

piping.1362, 1366 

railroad cars . 1235 


ships . 1209 

spot, seam and projection welding 

.394, 666 

submerged arc welding . 274 

Shunt capacitors . 347 

Side-bend test . 1451 

Side framing, passenger cars, RR .. 1229 

Side sills, passenger cars, RR ... 1227 

Sigma phase, Cr-Ni steels.... 652 

Silent arc atomic hydrogen welding 250 

Silicon 

in carbon and low-alloy steels ... 108 

in Cu and Cu allovs . 122 


Shielding gas, inert arc welding 

Ships. 

A1 and A1 alloys . 

cast steels . 

caulking . 

codes and regulations. 

cracks . 


266 

1195 

706 

597 

1207 
1195 

1208 


in iron and steel gas welding rods 851 

in Mn steel .’••• 672 

in Ni and Ni alloys. 1,15 

Silicon Bronze . 742 

atomic hydrogen welding . 756 

brazing ... 764 

carbon-arc welding.230, 749 


design . 1197 

design details . 1199 

distortion . 1208 

efficiency of tee joints . 1202 

electrodes . 1197 

face plates . 1198 

fairing tolerances.1210. 1213 

framing . 1198 

hatch corner details . 1204 

hull structures . 1197 


chemical composition and me¬ 
chanical properties of wrought 

silicon bronze, table . 

corrosion resistance. 

electrodes- % . 

general properties . 

inert arc welding . .. 

oxy-acetvlene welding . 

piping .... 

pressure vessels and boners . 


743 

908 

859 

742 

757 

760 

1346 

1170 
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resistance welding... 

shielded metal-arc welding . /^3 

submerged arc welding .. 758 

submerged arc welds, mechanical 

prop, of, table.•. 759 

submerged arc welds, typical con- 

ditions for, table. 759 

welding rods . . • 861 

Silver, spot, seam and projection 

welding . 401 

Silver, in Cu and Cu alloys . 12~ 

Silver brazing alloys . 865 

Silver clad steels .. 803 

Simple beam building connections .. 1091 

Simple frames . 1076 

Single-operator, d.c. welding ma¬ 
chines . 188 

engine-driven . 103 

motor-driven . 188 

rectifier type . 104 

Single-pass metal spraying . 486 

Single welds 

seam welding . 58 d 

spot welding .. 5/8 

Single wrapped tubing .. .. \161 

Size and shape of projections, pro¬ 
jection welding. 589 

Skirted tips, oxy-(other fuel gas) 

welding. 105 

Slag inclusions 

arc and gas welds . 038 

magnetic particle inspection . 9a9 

radiographic inspection . 970 

Slip bell water pipe joints . . . .. 1317 

Slippage, Hash and upset welding . . 950 

Slow-bend test . 105 

Small weldments, fluorescent pene¬ 
trant inspection. 069 

Soft soldering . 515 

air-acetylene flame . 164 

aircraft .1290, 1297 

applications, table . 516 

automotive products.1262, 1267 

Cr-Ni steels . 667 

cleaning . 516 

corrosive fluxes . 515 

crimping . 516 

definition . 515 

dip soldering . 51/ 

fluxes . 515 

folding . 516 

heating methods . M7 

Inconel . 785 

induction heating . 517 

Mg and Mg alloys . 734 

mild fluxes. 515 

Monel . 785 

nickel . 785 

non-corrosive fluxes . 515 

piping .1346. 13o9, 1365 

procedures .. 516 

resistance heating . 517 

soldering irons . 517 

soldering torches . 517 

solders . 515 


staking .. 

wiped joints . 2*? 

Soft solders, forms available . 51a 

Soldering ( see Soft soldering) 

Soldering irons . 517 

Soldering torches. 517 

Solid core cutting electrodes. 552 

Solidification of metals . 84 

dendritic solidification . 84 

metal crystallization . 85 

nucleation .. 8a 

weld metal solidification. 84 

Solid phase welding (see Pressure 
gas welding) 

Solidus line . 81 

Solidus temperature . 864 

Solution heat treatment .987, 1006 

A1 and A1 alloys . 688 

Soundness, tests for 

etch test . 1446 

fillet-weld-break . 1459 

guided-bend. 1450 

nick-break . 1448 


Span length, penstocks and large 

diam. water pipe . 1322 

Spark gap oscillators.197, 218 

induction welding . 465 

Spark tests, table .. 1568 

Special beam end building connec¬ 
tions . 1097 

Special equipment for machine arc 

welding. 210 

arc length control . 212 

arc traversing eqpt. 210 

atomic hydrogen welding. 215 

bare metal-arc welding. 213 

filler metal feed . 214 

travel carriages for shielded 

metal-arc welding . 211 

work holding fixtures. 216 

Special materials, buildings . 1073 

Special requirements 
a.c. inert arc welding machines . . 197 

atomic hydrogen welding machines 205 

Special tools for welding lead. 793 

Specific heat .47, 49 

Specific heats of some metals, table 50 
Specifications 

A1 and A1 Alloy Electrodes. 1523 

Cu and Cu Alloy Electrodes. 1548 

heat-treated low-alloy steels. 603 

hot-rolled low-alloy steels . 598 

Iron and Steel Gas Welding Rods 1518 

Low-Alloy Steel Electrodes . 1536 

Mild Steel Electrodes. 1508 

Speed of metal spraying. 485 

Speed of Welding 

lead . 797 

metal arc welding . 241 

Spelter solders . 498 

Spheroidization, definition. 90 

Spheres (see Storage tanks and 
pressure vessels and boilers) 

Spinning methods, flame hardening 569 
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Splices 

column . 1096 

crane column. 1095 

girder, bridge . 1121 

girder, building . 1098 

Split backing rings . 1356 

Split joint, lead piping. 1360 

Spot flame hardening. 568 

Spot gouging .. 559 

Spot welding machines and equip¬ 
ment . 308 

applied liners . 835 

electrodes . 332 

Mg and Mg alloys. 728 

multiple spot welding . 316 

passenger cars, RR .1231. 1235 

portable guns . 316 

press-type . 312 

rocker arm . 308 

roll spot welding . 318 

single spot welding. 308 

Spot welding process . 378 

aircraft .402, 1281, 1285, 1293 

A1 and A1 alloys .401, 700, 703 

applications . 400 

applied liners . 837 

automotive products . 

..402, 1262, 1263, 1265 

buildings . 402 

cavities .944, 948 

cleaning . 377 

coated materials . 402 

communications . 402 

Cu and Cu alloys .401. 761 

corrosion resistance .902, 949 

cracks .397, 944 

current . 363 

current distribution . 371 

definition . 362 

dissimilar metals . 402 

distortion . 394 

ductility . 946 

edge distance. 398 

effect on base metals. 394 

electrical characteristics . 367 

electrical eqpt. 402 

electrode clearance . 398 

electrode force . 365 

electrode maintenance. 399 

electrodes . 366 

equipment used. 308 

expulsion . 948 

forging pressure. 376 

freight cars . 1238 

generation of heat . 369 

hardware . 402 

heat balance . 374 

heat dissipation . 375 

heat flow . 375 

heat shrinkage . 381 j 

housewares . 40? 

impact resistance . 883 

indentation .397. 944, 946 

industrial eqpt. 402 1 







influence of base metal composi¬ 
tion . 374 

influence of current. 379 

influence of electrodes . 373 

influence of pressure. 372 

influence of surface conditions ... 374 

influence of time. 37 ] 

j ro ” •:.V.V.401, 584 

lead and lead alloys. 401 

low-alloy steels ..’.401, 616 

low-carbon steels .401, 585 

Mg and Mg alloys .401,’ 728 

mechanical characteristics . 367 

medium carbon steels . 401 

metallurgical effects . 395 

molybdenum . 402 

multiple welding . 378 

Ni and Ni alloys.402, 785 

parallel welding .’ 378 

passenger cars, RR .1229, 1235 

penetration . 397 , 948 

pickup .’ 397 

pin holes. 944 

porosity .. 397 , 948 

power requirements . 369 

pressure vessels and boilers . 1183 

principles of operation . 366 

quality control . 398 

recommended practices. 379 

recommended practices for In¬ 
conel, table . 410 

recommended practices for low- 
alloy and medium carbon steels, 

table. 405 

recommended practices for low- 

carbon steel, table . 403 

recommended practices for Mg 
alloys, table . 406 

recommended practices for Monel, 

table . 409 

recommended practices for nickel, 

table . 408 

recommended practices for pulsa¬ 
tion welding low-carbon steel, 

table . 417 

recommended practices for pulsa¬ 
tion welding stainless steel, 

table . 418 

recommended practices for stain¬ 
less steels, table . 404 

residual stresses . 395 

roll-spot welding . 382 

series welding. 378 

sheet separation .397, 949 

shrinkage . 394 

silver . 401 

single welding. 378 

stainless steels .401, 637, 664 

surface appearance . 396, 943 

surface conditions, table. 944 

surface fusion . .. 944 

surface preparation . ~/o 

surface preparation control. 


tantalum 


402 
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temperature distribution . 370 

tungsten . 402 

warpage . 394 

weld properties. 396 

weld quality. 396 

weld size . 396 

welding schedules . 379 

weldment defects . 943 


401, 800 


Spot welding for jigging. 

Spray bonding .. 

Spray guns, metallizing. 

Sprayed metals (see Metallizing) 

Spray welding .... 

Stabilizing anneal, definition . 

Stabilizing treatment, definition .... 

Stack cutting . 

Stainless steel liners. 

Stainless steels .620, 

aircraft . 

arc cutting . 

atomic hydrogen welding. 

corrosion resistance. 

inert arc welding . 

metallurgy . 

oxy-acetylene welding . 

oxygen cutting . 

pressure gas welding. 

pressure vessels and boilcr> . 

railroad cars . 

spot, seam and projection welding 

stud welding . 

surfacing . 

(see also Chromium steels and 
Cr-Ni steels) 

Staking, soft soldering. 

Standard Alloy HK4 . 

Standard a.c. shielded metal-arc 


503 

484 

492 

487 

987 

987 

534 

832 

648 

1 r§° 
554 

260 

903 

271 

112 

159 

547 

179 

1167 

1232 

401 

294 

479 


516 

774 


welding machines for inert gas 

welding. 196 

Standard Qualification Procedure .. 1471 

Standard Welding Symbols . 1373 

Standard Welding Terms and Defi¬ 
nitions . 1 

Standardized building connections . 1092 

Standard Tests for Welds . 1442 

Starter motor, automotive. 1269 

Stationary manifolding of cylinders 136 
Stationary oxygen-cutting machines 531 
Statistical control of weld quality . 1010 

binomial distribution. 1018 

control chart . 1032 

control methods . 1032 

definitions of terms . 1012 

drastic tests. 1038 

error of the mean . 1018 

illustrative example. 10 26 

inspection plans . 1021 

mathematical analysis. 1014 

normal curve . 1017 


Poisson distribution . lO’O 

process minimums . 1035 

sequential analysis . 1031 

testing procedure . 1021 

variability . 1010 




I 














Steam piping. 

Steel (see Low-carbon steel, me¬ 
dium-carbon steel, low-alloy 
steel, etc.) 

Steel base surfacing materials 
Steel mills 

Mn steel. 

oxygen cutting . 

oxygen machining . 

thermit welding . 

Stefan-Boltzmann law for heat loss 

Stem type gas regulators. 

Steps in estimating costs. 

Stethoscope inspection . 

Storage battery resistance welding 

machines . 

Storage tanks . 

allowable stresses. 

A1 and A1 allovs . 

Cr steels. 

cleaning . 

codes and specifications . 

design . 

electrodes . 

general characteristics . 

hydrostatic testing. 

inspection and testing. 

joint details . 

magnetic particle inspection . 

materials . 

preparation for welding . 

qualification of procedures . 

qualification of welders . 

sectioning. 

types of tanks . 

weather conditions . 

workmanship . 

wrought iron tanks . 

Stored-energy resistance welding 

machines . 

electrochemical ... 
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480 

685 

548 

566 

460 

66 

139 

924 

984 

352 

1146 

1151 
706 
647 

1153 

1146 

1147 
1147 
1146 
1153 
1153 

1152 

1153 

1146 
1153 
1152 

1152 

1153 

1147 
1153 
1152 
1155 

350 

352 


electromagnetic . 351 

electrostatic . 350 

percussion welding . 354 

storage battery . 352 

Stove-pipe method, oil, gas and 

gasoline pipe lines . 1310 

Straight chromium steels . 620 

Straight polarity . 19 

Straightening, piping . 1367 

Strain, definition . 987 

Street railway bridge loadings .... 1127 
Strength 

brazing alloys . 865 

fatigue of welded specimens. 889 

Hash and upset welds. 951 

ships . 1203 

spot, scam and projection welds . . 946 

Strength, tests for 

all-weld-metal . 1446 

longitudinal shear (fillet weld) .. 1460 

reduced-section tension. 1453 

transverse shear (fillet weld) _ 1460 

Stress analysis, machinery construc¬ 
tion . 1141 
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Stress corrosion. 902 

Cr-Ni steels. 656 

Stress, definition . 987 

Stress raisers . 884 

machinery construction . 1142 

Stress relief. 1001 

cast irons . 589 

cast steels. 593 

Cr-Ni steels. 656 

clad steels. 829 


fatigue strength, effect on. 893 

impact resistance, effect on. 883 

Mg and Mg alloys. 735 

penstocks and large diam. water 

pipe . 1328 

piping..1335-1337, 1366 

pressure vessels and boilers. 

.1178. 1185. 1191 

tank cars, RR. 1243 

(see also Peening) 

Stringers, ships . 1198 

Strip heaters . 997 

Strip linings . 836 

Strongbacks, ships . 1205 

Structural parts, fatigue strength . . 894 

Structural shapes, machinery con¬ 
struction . 1140 

Structures (see Bridges, buildings, 
storage tanks, etc.) 

Stubs gage. 1565 

Studs 

commonly used types . 301 

flux-filled studs. 292 

portable gun ... 296 

projection welding . 390 

stud welding ... 299 

Stud welding equipment. 208 

controls . 208 

guns, types of.. . . 208 

machine ratings for stud welding, 

table. 208 

power supply. 208 

Stud welding process . 292 

a.c. stud welding. 300 

aluminum . 295 

applications . 305 

automotive products . 306 

brass . 295 

bronze. 295 

buildings . 306 

carbon steels . 293 

center punch layout method of 

locating . 304 

Cr-Ni steels . 294 

commonly used studs. 301 

controls . 297 

definition . 292 

development of process. 292 

equipment used. 295 

ferrules . 300 

fundamentals . 292 


flux-filled studs 



high-carbon steel . 294 

impact tension test data, table . . . 301 

industrial eqpt. 306 



locating devices . 302 

low-alloy steels . 294 

Mg and Mg alloys .295, 734 

mechanical properties, stud welds, 

table .. 300 

metallurgical effects . 293 

multiple gun machines . 297 

Ni and Ni alloys.295, 783 

plate thickness vs. stud size, table 295 

portable gun . 295 

pressure vessels and boilers . 306 

principles of operation . 293 

production welding machines .... 297 

railroads .306, 1226 

reactance . 301 

shipbuilding . 305 

stainless steels. 294 

stud specifications, table. 303 

studs . 299 

studs for portable guns. 296 

template method of locating. 304 

weldability . 293 

weld quality. 296 

welding procedures, table. 305 

welding generators . 297 

Studding cast iron. 588 

Subassemblies, ships .1197, 1209 

Submerged arc welding equipment 

and materials .206, 278 

a.c. machines .207. 278 


automatic welding heads ... 

d.c. machines . 

manual eqpt. 

power supply . 

semi-automatic eqpt. 

Submerged arc welding process 

applications . 

backings . 

chromium steels . 

Cr-Ni steels . 

clad steels. 

cleaning . 

Cu and Cu alloys . 

definition . 

distortion . 


. 207, 278 
.207, 278 
.207, 280 

206, 278 

207, 280 
... 272 
... 281 
... 276 
281, 637 
... 660 
... 827 

... 274 
281, 758 
... 272 
... 274 


double-vee groove welds, with 

backing weld, table . 

double-vee groove welds, carbon 

steels, table . 

effects on base metals. 

electrodes . 

equipment used. 

estimating costs . 

fatigue properties, table . 

flat position fillet welds, table 
flat position fillet welds, with edge 

preparation, table. 

fluxes . 

freight cars . 

fundamentals . ••••••.*•• 

groove welds with steel backing, 

table . 

high-alloy steels...•" 

horizontal position fillet welds, 

table . 


286 

286 

272 

280 

278 

929 

283 

288 

289 

280 

1239 

272 

287 

281 

289 


€ 
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Inconel . -81 

installation .. 280 

joint design . 277 

low-alloy steels .281, <316 

low-carbon steels . 281 

manual eqpt. 280 

mechanical properties, carbon and 
low-alloy steel welds, table .... 282 

mechanical properties, nickel alloy 

welds, table . 284 

mechanical properties, stainless 

steel welds, table . 283 

melting rate. 272 

Monel .281, 782 

multiple pass groove welds, table 290 

nickel .281, 782 

oil, gas and gasoline pipe lines . . 1305 

passenger cars, RR .1226, 1229 

penetration vs. current. 273 

piping . 1365 

plug welds, table . 290 

positions of welding . 276 

power supply. 278 

pressure vessels and boilers . 1182 

principles of operation . 272 

residual stresses . 275 

results of weld tests, table. 282 

shrinkage . 274 

shrinkage in welds, table. 281 

single-pass groove welds, carbon 

steels, table . 285 

strength of positioned fillet welds, 

table . 284 

surfacing . 476 

tank cars . 1243 

technique . 276 

tee-joints, table. 288 

two-pass groove welds, table .... 287 

typical eqpt. 279 

weld quality . 275 

weld structure. 276 

welding heads . 278 

Subsurface discontinuities, magnetic 

particle inspection .. 958 

Suction feed blast cabinets, metal¬ 
lizing . 492 

Sulfur 

in carbon and low-alloy steels ... 107 

in iron and steel gas welding rods 851 

in Mn steel . 673 

in Ni and Ni alloys. 115 

Superalloys, aircraft . 1280 

Superheated steel, definition . 97 

Supersonic testing .. 984 

pressure gas welding. 175 

pressure vessels and boilers. 1188 

Supervisors, training . 1057 

Supports, pressure vessels and 

boilers . 1178 

Support rings, penstocks and large 

diam. water pipe . 1322 

Surface appearance 

flash and upset welds . 950 

spot, seam and projection welds 

.396, 943 


Surface burns ... 950 

Surface conditions, arc cutting .... 551 

Surface cracks, magnetic particle in¬ 
spection . 959 

Surface defects, arc and gas welds . 942 

Surface dissipation of heat . 50 

Surface fusion . 944 

Surface hardening due to oxygen 

cutting ... 524 

Surface markings, spot welding .... 381 

Surface planing . 559 

applications . 566 

chemical effect . 560 

definition . 556 

effect of alloying elements. 561 

effect on base metals. 560 

equipment used. 564 

metallurgical effect . 561 

oxygen purity . 556 

preheat fuel . 556 

principles of operation . 556 

technique . 559 

torches and tips . 556 

Surface preparation 

A1 and A1 alloys. 701 

applied liners. 836 

metallizing. 483 

spot, seam and projection welding 

. 576, 701 

Surface tension, effect in metal-arc 

welding. 235 

Surfacing . 470 

applications . 482 

base metal preparation . 473 

brass . 479 

bronze . 479 

bronze surfacing materials . 473 

carbon-arc welding . 232 

cast iron . 479 

cast iron and cast steel surfacing 

materials . 480 

cast manganese steels . 594 

clad steels . 827 

classification of surfacing mate¬ 
rials . 470 

comparative ratings, table. ' 472 

copper . 479 

definition . 470 

effect on base metal. 480 

electrodes for shielded metal-arc 

welding. 475 

etching . 482 

finishing . 481 

fundamentals . 470 

gas welding .160, 472 

hardness test . 481 

heat treatment . 481 

high carbon steels . 478 

high speed steels . 479 

inert arc welding .271, 477 

inspection . 481 

low-allov steels. 478 

low-carbon steels . 478 

machine arc welding. 476 

machine gas welding. 474 
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manganese steel.479, 681 

materials normally surfaced . 477 

medium-carbon steels . 478 

Ni and Ni alloys. 788 

selection of material . 470 

shielded metal-arc welding . 475 

stainless steels . 479 

submerged arc welding. 476 

sweating. 473 

tinning . 473 

wear tests. 470 

welding processes used. 472 

Surfacing filler metal . 867 

boron. 869 

carbides .480, 869 

carbon steel .473, 868 

cast iron and steel . 480 

chemical analysis of deposited 

metal, table . 869 

chromium steel. 868 

Cr-Ni steel . 868 

classification . 868 

cobalt base .473. 480 

copper base .473, 480, 869 

general requirements. 867 

manganese steel . 868 

nickel base.473. 789. 869 

selection of surfacing materials . . 870 

tungsten . 869 • 

Sweating in surfacing. 473 

Sweating heat, wrought iron . 581 

Sweetalloy 21 . 774 

Switch points, track . 1248 

Symbols, chemical of elements, table 1576 

Symbols, welding. 1373 

Synchronous precision timers. 340 

Synchronous timers . 340 

induction welding. 468 

Syphons, firebox . 1216 


Tables I 

allowable stresses for welded 

bridges . 1124 

allowable working stresses for 
ferrous plate materials, pressure 

vessels . 1173 

A1 and A1 alloys for aircraft .... 1275 
aluminum brazing filler metal ... 713 

ambient gases, effect on welding 

of copper alloys . 118 

ACI Ni steel designations and 

compositions of castings . 649 

AISI Cr-Ni steel type nos. and 

compositions . 648 

AISI and SAE low-alloy steel 

classifications . 603 

atomic hydrogen machine ratings 

and characteristics. 205 

automatic inert-arc welding of Mg 

and Mg alloys. 724 

backing plate groove dimensions 
for inert arc welding Mg and 
Mg alloys. 723 


bond strengths of different 
methods of preparation for 
metallizing various base mate- 

trials . 489 

brazing applications . 512 

brazed joints in low-alloy steel at 
elevated temperatures, aircraft 1289 
cable sizes recommended for arc 

welding. 1063 

carbon-arc welding butt joints, 

aluminum . 232 

carbon-arc welding butt joints, 

copper alloys. 230 

carbon-arc welding butt joints, 
steel, with no filler metal or 

backing. 226 

carbon-arc welding butt joints, 

steel, with backing weld. 228 

carbon-arc welding butt joints, 
steel, with filler metal, no back¬ 
ing . 226 

carbon-arc welding butt joints, 
steel, with filler metal and back¬ 
ing . 226 

carbon-arc welding butt joints, 
steel, welded from both sides .. 227 

carbon-arc welding butt joints, 
steel, welded from both sides 

with filler metal . 226 

carbon-arc welding corner joints, 
steel. 227 

carbon-arc welding edge joints. 

steel .....224,227 

carbon-arc welding lap joints, steel 226 
carbon electrodes, diam. and cur¬ 
rents for different thicknesses . 750 

chemical cleaning and surface 
treatment solutions for Mg and 

Mg alloys.. • • 720 

chemical analyses of deposited 
metal from surfacing filler metal 869 
chemical analysis of ingot iron ... 583 

chemical analysis of wrought iron 580 

chemical comp, of alloy cast irons 586 
chemical comp, of chromium irons 

and steels .. °~0 

chemical comp, of Ni and Ni 

alloys . 

chemical comp, of pig lead. 792 

chemical comp, of slab zinc. 799 

chemical comp, of zinc-base alloy 

die castings . ^00 

chemical comp, and heat treatment 
of low-alloy steels for high 

temperature service.. 

chemical comp, and mech. prop, of 
Cu and Cu-alloy welding rods . 861 

chemical comp, and mech. prop, of 
some proprietary low-alloy 

steels . 602 

chemical comp, and mech. prop, of 

wrought beryllium-copper • • • • • 

chemical comp, and mech. prop• 
wrought brasses . /4U » 
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chemical comp, and mech. prop, of 

wrought copper . 738 

chemical comp, and mech. prop, of 

wrought Cu-Al alloys. 745 

chemical comp, and mech. prop, of 

wrought Cu-Ni alloys . 746 

chemical comp, and mech. prop, of 

wrought nickel silver . 746 

chemical comp, and mech. prop, of 

wrought phosphor bronze. 744 

chemical comp, and mech. prop, of 

wrought silicon bronze. 743 

Cr-Ni steels and Ni alloys for air¬ 
craft . 1277 

combustion constants and composi¬ 
tion of various manufactured 

and natural fuel gases. 134 

commercial Mg alloys . 717 

comparative ratings of surfacing 

alloys . 472 

composite properties of flame- 

hardened preheated steels . 573 

composition ranges of alloy clad¬ 
ding materials. 806 

constants of various fuel gases ... 134 

consumption rates for tungsten 

electrodes and hydrogen. 928 

corrosion rates of corrosion-resist¬ 
ing weld metal in boiling 65 r /c 

nitric acid . 856 

corrosion test results (nitric acid), 

Cr steels. m . 621 

cost data for manual oxy-acetylene 

welding. 930 

cost factors for E6010 electrodes— 

flat position . 918 

covering constituents in arc-weld¬ 
ing electrodes . 240 

creep data for low-alloy steels for 

high temperature service. 609 

currents and electrodes for car¬ 
bon-arc welding steel . 224 

current ranges for atomic hydro¬ 
gen electrode holders. 206 

current ranges and electrode ex¬ 
tension, atomic hydrogen weld¬ 
ing . 254 

current ranges for tungsten elec¬ 
trodes . 202 

current values for Ni-Mn steel 
electrodes . 682 


current values for various sizes of 
graphite cutting electrodes .... 552 

current and voltage ranges for 


mild and low-alloy steel elec¬ 
trodes . 846 

design shear strength per aircraft 

spot weld . 1283 

distribution of electrode, estimat¬ 
ing costs . 917 

effect of alloying elements on oxy- 

een cutting. 528 

effect of rest unon fatigue strength 
of butt welds in carbon-steel 
plate . 896 


effects of some alloying elements 

in steel .. 112 

electrode diam. vs. sheet thickness 
for shielded metal-arc welding 

Ni and Ni alloys . 780 

electrodes for clad steels . 816 

electrode sizes vs. ingot iron thick¬ 
ness . 584 

electrode sizes and machine set¬ 
tings for manual shielded metal- 
arc and carbon-arc welding 

aluminum . 712 

elements and their properties .... 1576 
elements in Cr-Ni steels, effect of 651 
endurance limit of pressure gas 

welds . 173 

endurance limits of rails with and 

without welds . 899 

estimate or production records . . 923 

equivalent values of electrical, me¬ 
chanical and heat units. 1577 

expansion of metals. 1560 

fatigue properties of submerged 

arc welds . 283 

fatigue strength of butt welds in 

carbon-steel plate. 894 

fatigue strength of plates with 

transverse fillet welds. 898 

ferrous metals, welding data. 159 

filler metal for shielded metal-arc 
welding of dissimilar Ni alloys 787 

flame hardness of cast irons . 573 

flame hardness of various steels . . 573 

flash welding solid round, hex, 
square and rectangular bars . . . 440 

flash welding tubing and flat 


sheets . 439 

foot equivalents for inches and 

fractions . 1562 

force conversion factors. 1579 

gages, comparison of. 1565 

gas welding A1 tank-type struc¬ 
tures . 712 

general properties of metals and 

alloys . 1574 

hardness and constitution of flame- 

hardened surfaces . 573 

hardness conversion for steel. 1561 

hardness of different regions in 
metal-arc welded SAE 1040 

steel . 237 

hardness survey of flash weld in 
Y/g Cr tubing after various heat 

treatments . 644 

heat treatment, influence on mech. 

prop, of Cr-Ni steels. 657 

heat treatments, Mg alloy castings 732 
heavy oxygen cutting . 538 


identification of metals by flame . 1572 
identification of metals bv fracture 1570 
identification of metals bv snarks 1568 
ignition temperatures and limits of 
inflammability of various fuel 
gases 


133 
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impact tension test data, stud 

welds. 301 

inches to millimeters conversion . 1564 
influence of base metal variables, 

shielded metal-arc welding_ 245 

influence of welding procedure 
variables, shielded metal-arc 

welding . 246 

joint dimensions for plain butt 
joints, closed-joint method, pres¬ 
sure gas welding . 170 

joint geometries manual arc-weld¬ 
ing Ni and Ni alloys. 776 

joint welding procedures for 
manual arc welding Ni and Ni 

alloys. 778 

length of cut per underwater tubu¬ 
lar electrode for 1 / 2 -in. steel 

plate ... 553 

low-alloy steels for aircraft. 1279 

low-carbon steels for aircraft .... 1279 
machine atomic hydrogen welding 

.. 256, 929 

machine oxygen cutting mild steel 534 
machine ratings for stud welding 208 
machine settings for a.c. spot 

welding aluminum . 713 

machine settings for atomic hydro¬ 
gen welding aluminum. 713 

machine settings for automatic 
carbon-arc welding aluminum . 713 

machine settings for continuous, 

gas-tight A1 seam welds . 714 

machine settings for inert arc 

welding aluminum . 712 

machine settings for stored energy 

spot welding aluminum . 713 

Mg alloys for aircraft . 1276 

Mg welding rods and their uses . 719 

manual atomic hydrogen welding 

data ... 257, 928 

manual inert arc welding Mg 

alloys . 723 

manual oxy-acetylene welding 

wrought iron. 581 

manual oxygen cutting mild steel 533 
manual shielded metal-arc weld¬ 
ing wrought iron. 582 

materials, applications in pressure 

vessels. 1171 

materials used in pressure vessel 

construction. 1168 

max. diam. for tubing for flash 

welding. 431 

max. hot working and annealing 
temperatures for clad steels . .. 807 

max. joint lengths for sheet for 

flash welding. 43C 

rnech. prop, of A1 permanent-mold 

casting alloys . 709 

mech. prop, of A1 sand-casting 

alloys . 708 

mech. prop, of carbon and low- 

alloy steel welds. 282 

mech. prop, of cast irons. 586 i 


mech. prop, of cast steels. 592 

mech. prop, of Cr steels. 621 

mech. prop, of Cr and Cr-Ni steel 
weld metal (all-weld-metal) .. 855 
mech. prop, of Cr-Ni submerged 

arc welds . 661 

mech. prop, of Cr-Ni welded joints 668 
mech. prop, of copper-bearing 

low-alloy steels. 601 

mech. prop, of Cu and Cu alloy 

electrodes . 859 

mech. prop, of ingot iron. 583 

mech. prop, of mild steel at ele¬ 
vated temperatures . 989 

mech. prop, of mild steel weld 

metal (as-welded) . 847 

mech. prop, of Ni and Monel sub¬ 
merged arc welds . 783 

mech. prop, of Ni and Ni alloys . 772 

mech. prop, of pressure gas welds 172 
mech. prop, of stud welded joints 300 
mech. prop, of submerged arc 

welds in A1 bronze. 759 

mech. prop, of submerged arc 

welds in Cu. 758 

mech. prop, of submerged arc 

welds in Ni alloys . 284 

mech. prop, of submerged arc 

welds in silicon bronze. 759 

mech. prop, of submerged arc 

welds in stainless steel . 283 

mech. prop, of wrought A1 alloys 707 
mech. and physical prop, of 

sprayed metals . 490 

mech. prop. vs. treatment, low- 

alloy steels. 608 

mech. test prop, of cast austenitic 

Ni-Mn steel. 680 

metallizing bond factors . 489 

min. requirements for aircraft 

welder certification . 1298 

nitrogen, effect on mech. prop, of 

Cr steels. 637 

nomenclature for repeated stress . 887 

nominal comp, of A1 alloys ...... 710 

operating characteristics of mild 
steel and low-alloy steel elec- 

trodes . ; . 

operating data for gouging eqpt. 558 
oxides of elements used with Cu . llv 
physical prop, of A1 casting alloys 711 
physical prop, of Mg alloys ...... 71o 

physical prop, of Ni and Ni alloys //I 
physical prop, of wrought A1 

alloys .. • 

physical and mech. prop, of Cr-Ni 
sheet . 650 

plate thickness vs. stud size. - * 

pounds of metal melted per arc 

hour .^. 

powder cutting guide for Ni anc ^ 

Ni alloys .** 

pressure cycles, pressure & a - 

welding. 
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pressure gas welding Ni and Ni 

alloy bars... 787 

pressure vessel construction, com¬ 
parison of types . 1158 

primary and secondary circuit re¬ 
lationships, resistance welding 

machines . 359 

procedures for welding clad steels 
(steel side) in flat position .... 813 

procedures for welding clad steels 
(steel side) in horizontal posi¬ 
tion . 814 


procedures for welding clad steels 

(steel side) in vertical position 815 
production test requirements on 
groove welds, pressure vessels 1160 
properties of A1 and Al-alloy pip¬ 
ing materials. 1351 

properties of austenitic Mn steel . 676 

properties of carbon-silicon steel 

plates . .... 1321 

properties of carbon steel piping 

materials . 1338 

properties of carbon-steel plates of 

firebox quality . 1320 1 

properties of Cu and Cu alloy 

brazing filler metal . 867 

properties of Cu and Cu-alloy pip¬ 
ing materials . 1348 

properties of high-alloy steel pip¬ 
ing materials. 1342 

properties of inert arc welded Mg 
and Mg alloy butt joints ...... 725 

properties of lead piping materials 1351 
properties of low-alloy steel piping 

materials . 1340 

properties of the major alloying 

elements used with copper. 117 

properties of medium-alloy steel 

piping materials . 1344 

properties of Ni and Ni alloy pip¬ 
ing materials . 1350 

properties of silver brazing alloys 866 
ratings, a.c. balanced wave ma¬ 
chines . 196 

ratings, a.c. shielded metal-arc 

welding machines . 183 

ratings, limited input, shielded 
metal-arc welding machines ... 183 

ratings, single-operator, motor- 

driven machines . 188 , 

recommended conditions for cross- _ j 
wire welding Ni and Ni alloys 786 
recommended current ranges for 
alloy electrodes for clad steels 816 
recommended current ranges for 


Cr-Ni electrodes . 658 

recommended design data for pro¬ 
jection welding. 413 


recommended practices for flash 

welding Ni and Ni alloy rods 78/ 

recommended practices for pro¬ 
jection welding mild steel .... 414 

recommended practices for projec¬ 
tion welding stainless steels .. 415 


recommended practices for pulsa¬ 
tion welding low-carbon steel 417 
recommended practices for pulsa¬ 
tion welding stainless steels .. 418 

recommended practices for seam 

welding low-carbon steel . 411 

recommended practices for seam 

welding stainless steels . 412 

recommended practices for spot 

welding annealed Inconel . 410 

recommended practices for spot 

welding annealed Monel . 409 

recommended practices for spot 

welding annealed nickel . 408 

recommended practices for spot 
welding low-alloy and medium- 

carbon steels . 405 

recommended practices for spot 

welding low-carbon steel . 403 

recommended practices for spot 

welding Mg alloys. 406 

recommended practices for spot 

welding stainless steels . 404 

recommended projection welding 

punch and die design . 416 

recommended sizes for welding 

cables . 218 

requirements of ASME Boiler 
Code and API-ASME Code, 

comparison . 1162 

shear strength of A1 spot welds . 714 

shrinkage allowances, ships . 1209 

shrinkage in submerged arc welded 

joints. 281 

soft solders, types and applications 516 
solid core electrodes for metal arc 

cutting steel plates . 552 

spacing of intermittent welds, ships 1200 
specifications applicable to weld¬ 
ing Mg alloys . 735 

specific heats, latent heats of fusion 
and total heats of fusion for 

some metals . 50 

spot weld electrode tip radius for 

aluminum . 714 

spot weld joint design data for air¬ 
craft . 1284 

standard weld timers, pulsation 
weld timers, sequence weld 
timers and sequence timers ... 344 

steels suitable for building con¬ 
struction . 1072 

strength of hot-rolled low-alloy 

steels . 599 

strength of noil-positioned sub¬ 
merged arc fillet welds . 284 

strength of welds in A1 alloys, air¬ 
craft . 1288 

stress-relief heat treatments, pres¬ 
ume vessels . 1185 

stress-relief for inert arc welded 

Mg alloys. 735 

stud specifications . 303 

stud welding procedures . 305 

submerged arc welding A1 bronze 759 
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submerged arc welding copper .. 758 

submerged arc double-vee butt 


joints, Cr-Ni steel. 661 

submerged arc double-vee groove 
welds in medium-carbon steel .. 286 

submerged arc double-vee groove 

welds in tee joint . 288 

submerged arc double-vee groove 
welds with manual backing weld 286 
submerged arc flat position fillet 

welds. 288 

submerged arc flat position welds, 

with edge preparation . 289 

submerged arc groove welds, mul¬ 
tiple pass . 290 

submerged arc groove welds with 

steel backing . 287 

submerged arc horizontal position 

fillet welds . 289 

submerged arc plug welds. 290 

submerged arc single-pass groove 
welds in medium-carbon steel 

with copper backing . 285 

submerged arc welding silicon 

bronze. 759 

submerged arc two-pass groove 

welds. 287 

submerged arc weld test results . 282 

superalloys for aircraft . 1278 

surface conditions of spot, seam 

and projection welds . 944 

surfacing of steel and cast iron 

with Ni alloys . 789 

temperature data for metals and 

alloys . 1557 

temperature conversion . 1558 

tensile properties of Ni and Ni 

alloy butt joints . 781 

tensile strength of Ni and Ni alloy 

oxy-acetylene welds . 784 

tests for aircraft welder certifica¬ 
tion . 1298 

tests for arc and gas weld and base 

metal defects . 943 

thermal conductivities of some 

commonly used metals . 65 

thermal conductivity, specific heat 
and density of iron at various 

temperatures . 65 

thermal constants of some metals 49 



thermal stress relief, code reqts. 998 
thermal treatments for weldments 1003 
thermit weld dimensions and por- ! 

tions for rectangular sections . 454 

thermit weld dimensions and por- 1 

tions for round sections . 455 

thermit welding crucibles, lining 
materials, cones, stones and 

thimbles . 452 

tip sizes and gas pressures for gas 

welding aluminum . 712 

tools, speeds and feeds for machin¬ 
ing sprayed metals . 488 

total emissivity of some metals . . 67 


underwater cutting electrodes, tub¬ 
ular, for 72 -in. steel plate. 553 

underwater oxygen cutting pres¬ 
sures .. 547 

usable positions and types of cur¬ 
rent for Cr and Cr-Ni electrodes 854 
weight loss of low-alloy steels 


due to atmospheric corrosion .. 607 

weights and measures . 1578 

weld stress formulas. 1566 

weld test data, 4-6% Cr steel ... 631 
weld test data, 12-14% Cr steel . 633 
weld test data, 15-16% Cr steel 635 

welded bridges . 1136 

welding rod diam. vs. sheet thick¬ 
ness, Ni and Ni alloys. 784 

welding rod sizes vs. ingot iron 
thickness . 584 


welding and service conditions for 

A1 and A1 alloy piping . 1351 

welding and service conditions for 

carbon steel piping . 1339 

welding and service conditions for 

Cu and Cu alloy piping . 1349 

welding and service conditions for 

high-alloy steel piping . 1343 

welding and service conditions for 
lead and lead alloy piping .... 1352 
welding and service conditions for 

low-alloy steel piping. 1341 

welding and service conditions for 

medium-alloy steel piping. 1344 

welding and service conditions for 

Ni and Ni alloy piping . 1350 

TA54 magnesium alloy . 718 

Tack welding, piping . 1363 

Tank cars, railroad. 1242 

fabrication . 1243 

inspection . 1243 

ICC regulations . 1243 

nickel . 791 

stress relief . 1243 

testing. 1243 

Tanks 

clad steels . 

lead . 797 

Monel . 791 

nickel .. £91 

wrought iron . 

(see also Storage tanks) 

Tantalum, spot, seam and projection 

welding. 402 

Tappets .. . • • .. 

Tapping crucibles, thermit welding . 451 

Technique, welding 

cast irons .5oo, aov 

cast steels . 

Cr-Ni steels .. 

flame hardening . 

flame softening..... ^ 


fluorescent penetrant inspection .. 


gouging . 559 

.780, 784 

Inconel. 

lead . 
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Mg and Mg alloy castings ---- 732 

Mg and Mg alloys..723, 726 

magnetic particle inspection . 961 

manganese steel .• • • £82 

Monel . / 80, 784 

nickel ..780, 784 

oxygen drilling. 5^9 

oxygen turning. 559 

scarfing. 556 

submerged arc welding . 276 

surface planing. 559 

Tee-bend test .100, 1463 

Tee joints, clad steels . 826 

Temper brittleness, low-alloy steels 606 

Temperature conversion table . 1558 

Temperature data for metals and 

alloys, table. 1557 

Temperature distribution, spot weld¬ 
ing . 570 

Temperature pattern during oxy- 

acetylene welding . 154 

Tempering .90, 987 

Template method for layout of studs 304 

Tenders, locomotives . 1220 

frames . 1221 

repairs. 1223 

tanks . 1220 

truck frames .. 1221 

Tensile strength, definition . 987 

Tension-shear test . 982 

railroads. 1235 

Terminology, standard . 1 


Tests 

all-weld metal tension . 1446 

applied liners . 840 

Cr-Ni steels .' 654 

density, weld metal . 1444 

etch test . 1446 

etching . 1443 

face-bend . 1450 

fatigue strength . 888 

fillet-weld-break . 1459 

flash welding . 430 

free bend . 1455 

guided-bend . 1450 

Huey . 655 

hydrostatic test .841, 1153 

impact . 882 

intergranular corrosion. 654 

leak test . 840 

locomotives .1221, 1225 

longitudinal shear (fillet weld) .. 1460 

magnetic particle inspection . 1153 

microscopic examination . 655 

Navy-tear test. 105 

nick-break . 1448 

notched bar impact . 105 

oil, gas and gasoline pipe lines .. 1312 

passenger cars, RR . 1235 

penstocks and large diam. water 

pipe . 1330 

piping . 1369 

pressure tests . 840 

reduced-section tension . 1453 

root-bend . 1450 


sectioning. 

side-bend . 14a 1 

slow bend. 

storage tanks . 1153 

tank cars . 1243 

tee-bend . 146a 

transverse shear (fillet weld) ... 1460 

water pipe lines . 1318 

weld metal cracking . 95 

Theory of metal transfer, inert arc 

welding... 263 

Thermal conductivity . 67 

clad steels . 805 

conductivities of some metals, table 65 

definition . 48 

iron . 65 

Thermal constants of some metals, 

table .. 49 

Thermal diffusivity, definition .... 64 

Thermal expansion, general theory 50 

Thermal properties of metals . 48 

Thermal resistance, definition .... 48 

Thermal resistivity, definition. 48 


Thermal time constants 

definition . 

spot welding . 

Thermal treatment of weldments . . 

acetylene preheat . 

basic considerations. 

code requirements .. . . 

code requirements for stress relief, 

table . 

cracking .. .. 

dimensional stability . 

distortion, control of. 

effect of temperature and time on 

stress relief . 

full annealing . 

furnaces, postheat . 

glossary of terms. 

heat-affected zone . 

hydrogen, effect of. 

improvement of performance .... 

induction heating . 

local stress relief . 


51 

51 

986 

997 

986 
996 

998 
989 
991 
989 

1002 

1006 

1002 

987 

993 

994 

988 
1001 
1002 


low temperature stress relief .... 1005 

machinability. 992 

mech. prop, of mild steel at ele¬ 
vated temperatures, table . 989 

natural gas preheat . 997 

normalizing . 1005 

notch sensitivity . 993 

notch toughness . 994 

postheat treatments . 1001 

precipitation heat treatment . 1006 

preheat . 997 

quenching and tempering . 1006 

radiated heat. 997 

reasons for . 988 

residual stresses . 995 

service performance . 992 

shrinkage . 990 

solution heat treatment . 1006 

stress relief . 1001 

strip heaters . 997 
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typical thermal treatments, table . 1003 

upsetting . 939 

Thermalloy A .* 774 

Thermit welding process . 449 

applications . 459 

carbon steel. 585* 

cast irons .463, 590 

cast steels . 596 

characteristics of welds . 450 

charging crucibles.451, 458 

cleaning . 452 

coal mines . 462 

contraction allowances . 452 

crankshaft repairs . 460 

crucibles. 450 

crucibles, lining materials, cones, 

stones, thimbles, table. 452 

definition . 449 

dimensions and portions for rec¬ 
tangular sections, table. 454 

dimensions and portions for round 

sections, table . 455 

equipment used. 450 

fire prevention . 1064 

fundamentals. 449 

gate patterns . 453 

generation of heat. 62 

igniting thermit . 458 

joint preparation . 452 

locomotive repairs . 463 

low-alloy steels . 618 

materials used . 450 

molding material . 451 

molds. 453 

nature of thermit. 449 

preheating . 457 

preheating eqpt. 451 

principles of operation . 449 

quantity of thermit required. 459 

rail welding. v .461, 1252 

risers. 456 

ships .. 463 

steel mill repairs . 460 

tapping crucibles. 451 

thermit reaction . 449 

undercutting . 462 

venting . 457 

wax pattern. 453 

weld preparation. 452 

Thin-walled pressure vessels . 1191 

Three-factor estimates . 920 

Three-phase resistance welding ma¬ 
chines . 347 

dry-disc rectifier . 348 

frequency converter . 347 

homo-polar generator. 349 

Through welding, applied liners 835, 838 
Timing devices, induction welding . 467 

(see Controls for resistance weld¬ 
ing timers) 

Tin 

in Cu and Cu alloys. 122 ; 

Hash welding. 432 

metallizing. 496 

Tin bronze (see Phosphor bronze) 

Tinning in surfacing. 473 


Tips, machining 

gouging . 55 6 

hogging . 55 6 

oxygen drilling . 556 

oxygen turning . 556 

scarfing' . 556 

surface planing. 556 

Tips, oxygen cutting . ..... 521 

Tips, welding . 145 

care of .* 146 

cast irons .*. 589 

cupped tips. \ 163 

flame cones ... 147 

lead . 793 

oxy-acetylene welding . 145 

oxy-hydrogen welding . 162 

rate of gas flow. 146 

skirted tips . 163 

tip sizes . 146 

types . 145 


Titanium, in carbon and low-alloy 

steels . 109 

Tolerances 

brazing . 499 

buildings . 1106 

machinery construction. 1143 

Tongs, resistance brazing . 509 

Tools 


arc welding. 218 

cast irons . 590 

Tophet C. 774 

Torch brazing . 503 

air-acetylene flame. 164 

A1 and A1 alloys . 699 

application of brazing alloy . 504 

fluxing. 504 

Mg and Mg alloys . 733 

preheating . 504 

oxy-hydrogen flame. 162 

oxy-(other fuel gas) flame. 163 

torches used . 503 

Torch supplied oxygen, definition .. 161 

Torch or tip operation, oxygen cut¬ 
ting . 520 


Torch tips (see Tips, welding) 

Torches, welding. 

brazing . 

flame hardening. 

gas mixers . 

gouging . 

hogging ... 

inert arc welding. 

Mg and Mg alloys . 

oxy-acetylene welding . 

oxy-hydrogen welding . 

oxygen cutting. 

oxygen drilling. 

oxygen turning . .. 

pressure gas welding. 

scarfing. 

soldering ... 

surface planing... 

twin-carbon arc welding 

types for gas welding. 

underwater cutting . 


.... 141 

.... 503 

.... 574 
.... 144 

.... 556 

. 556 

.... 265 

.... 725 

.... 142 

.... 162 
.... 531 
.... 556 
.... 556 

.165, 171 
... 556 

... 517 

... 556 

... 222 
... 142 

... 546 
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welding tips. 145 

Total emissivity of some metals, 

table. 67 

Total heats of fusion of some metals, 

table . 50 

Tough-pitch copper (sec also Cop¬ 
per) . 737 

Tracks, railroad . 1344 

crossings.. 134$ 

flame hardening rail ends . 1353 

flash welding . 1253 

frogs . 1246 

materials . 1244 

oxy-acetylene welding . 1250 

pressure gas welding. 1250 

rail welding ... 1248 

rebuilding frogs and crossings ... 1248 

repair of rail ends . 1244 

switch points . 1248 

thermit welding . 1252 

Tractors . 1271 

Trailers . 1271 

Training. 1644 

engineers . 1658 

inspectors . 1657 

supervisors . 1657 

welders . 1645 

Training in vocational schools .... 1050 

Training within industry . 1048 

Transformations in steel, metallurgi¬ 
cal . 86 

austenitic in plain carbon steel ... 87 

carbon content vs. quench hardness 88 

grain growth. 86 

heat treatment, effect of . 88 

isothermal transformation . 90 

precipitation in steel . 87 

recrystallization . 86 

solid solubility . 87 

Transformer impedance, resistance 

welding . 357 

Transformer ratings, resistance 

welding . 345 

Transformers, a.c. arc welding .... 182 

Transformers, flash welding . 327 

Transient heat flow, definition .... 55 

Transition alloys, chromium steels 627 
Transition temperature, definition . 92 

Transmission pipe lines .... . 1305 

oil, gas and gasoline pipe lines ... 1305 
penstocks and large diam. water 

pipe ... 1318 

water pipe lines . 1316 

Transverse cracks, arc and gas welds 941 
Transverse fillet welds, effect on 

fatique strength . 896 

Transverse shear test (fillet weld) 1460 
Travel carriages 

inert arc welding.•. 268 

shielded metal-arc welding . 211 

Trepanning . 983 

bridges . 1134 

buildings . 1114 

penstocks and large diam. water 

pipe.1327, 1331 

piping . 1370 


pressure vessels and boilers . 1188 

tS !§ 

Truss details, buildings.110a, 1167 

Trusses, buildings .• • •1162 

Tube type oscillator...198, 218 

Tubular core ceramic cutting elec¬ 
trodes .•. 553 

Tubular core steel cutting electrodes 5a2 

Tubular members, brazing . 499 

Tubular underwater cutting elec¬ 
trodes . 553 

Tucking allowances, ships.. 1209 

Tumbling barrels, use in metallizing 487 
Tungsten, spot, seam and projection 

welding. 402 

Tungsten bearing surfacing filler 

metal . 869 

Tungsten electrodes .. 201 

atomic hydrogen welding . 255 

inert arc welding. 265 

Twin boot, carbon-arc welding ... 223 

Twin-carbon arc brazing . 511 

Twin-carbon arc welding . 220 

Two-stage regulators, gas welding 139 
Types of construction, buildings . . . 1076 
Types of joints 

atomic hydrogen welding . 251 

brazing . 499 

bridges . U18 

lead . 794 

Types of oxy-acetylene flame. 151 

Types of seam welds. 383 


—U— 


Ultrasonic inspection 

pressure vessels and boilers . 1188 

ships . 1212 

(see also Supersonic inspection) 
Ultra-speed spot welding machines 316 

Underbead cracking . 942 

arc and gas welds . 942 

low-alloy steels . 611 

piping . 1335 

Undercut . 939 

arc and gas welds . 939 

clad steels. 828 

magnetic particle inspection . 959 

thermit welding. 462 

Underframes 

freight cars . 1241 

passenger cars, RR . 1226 

Underwater cutting 

arc cutting. 553 

oxygen cutting . 546 

Underwater cutting torches . 546 

Unequal thickness pipe joints . 1354 

Unfired pressure vessels (see Pres¬ 
sure vessels and boilers) 

Upset . 950 

control . 989 

flash welding . 423 

Upset mechanisms for flash welding 326 

Upset welding machines. 323 

Upset welding process 
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applications . 325 

carbon steel . 585 

Cr-Ni steels. 667 

definition . 438 

equipment used. 323 

fundamentals. 438 

ingot iron. 584 

principles of operation . 441 

wrought iron. 581 

Upsetting, pressure gas welding 170, 171 

U. S. standard gage . 1565 

U. S. Steel wire gage . 1565 


—V— 


Vacuum tube oscillators, induction 

welding. 466 

Valves, inert arc welding. 198 

Valve mechanisms, automotive .... 1262 
Vanadium 

in carbon and low-alloy steels ... 109 

in iron and steel gas-welding rods 851 

Vang method, percussion welding .. 444 

Ventilation, safe practices . 1068 

Venting, thermit welding .;. 457 

Vertical fixed pipe position . 1363 

Viewing conditions, radiography . . 972 

Visual inspection . 952 

after welding . 954 

aircraft # .1297, 1300 

arc welding . 953 

before welding . 952 

brazing . 954 

bridges . 1134 

buildings . 1114 

during welding . 953 

evaluation of results . 955 

gas welding ..Li. 953 

general asi>ects r ffa*U?t.... 952 

oil, gas and gas’Pgq ttfc ipe lines . . 1314 

piping .•.•**§?. 1369 

pressure gas welding ". 174 

pressure vessels and boilers. 1186 

resistance welding . 953 

ships . 1211 

weld gages. 955 

workmanship standards . 953 

Vocational school training . 1050 

Voltage regulators, resistance weld¬ 
ing . 344 


seam welding . 323 

Water pipe lines . 1316 

codes and specifications . 1316 

construction practices . 1317 

field welding. 1317 

inspection and testing. 1318 

low-carbon steel . 1316 

materials ..-. 1316 

. river crossings .'. 1317 

slip bell joints . 1317 

weather conditions . 1317 

workmanship . 1317 

Water recession generators . 131 

Water storage tanks. 1146 

Water-to-carbide generators . 131 

Water valves for inert arc welding 198 
Wax pattern, thermit welding .... 453 

Wear resistance, manganese steel . 677 

Wear tests, surfacing. 470 

Weather conditions 


storage tanks . 1153 

water pipe lines . 1317 

Web crippling of beams on seats .. 1085 

Web stiffeners, girders . 1100 

Weights and measures, table . 1578 

Weights of metals, table. 1574 

Weld cracks . 940 

Weld decay, Cr-Ni steels . 649 

Weld defects . 936 

clad steels . 828 

oxy-acetylene welding . 156 

oxy-hydrogen welding . 161 

Weld gages. 955 

Weld metal composition, metallurgi¬ 
cal effect of . 93 

Weld metal solidification . 84 


Weld preparation, thermit welding . 452 


Weld quality 

atomic hydrogen welding . 

carbon-arc welding . 

flash welding . 

metal-arc welding ... ^. 

oxy-acetylene welding . 

oxy-hydrogen welding .. 

oxy-(other fuel gas) welding ... 

pressure gas welding .. 

spot, seam and projection welding 

statistical control . 

stud welding ... 

submerged arc welding ..... 


251 

221 

425 

244 

156 

161 

163 

173 

396 

1010 

296 

275 


—W— 

Wabbler thermit . 

Warping 

arc cutting . 

arc and gas welds . 

oxygen cutting. 

spot, seam and projection welding 
(see also Distortion) 

Waster plate. 

Water cooled electrode holders, 

inert arc welding . 

Water cooling 

inert arc welding. 

pressure gas welding. 


450 

551 

936 

530 

394 

535 

199 

266 

177 


Weld size .. 

arc welding. jS? 

flash and upset welding.• • 

oxy-acetylene welding ... 156, "Jo 

spot, seam and projection welding 

.396, 944 

Weld stress formulas . 1566 

Weldability .^ 

alloy steels, hardenable .■ 

A1 and A1 alloys . 

bead weld test . 

carbon steel piping ...no 

carbon and low-alloy steels-99, o 

chromium steels . 

Cr-Ni steels . 

Cu and Cu alloys . 
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Inconel . .*••••* . 

low temperature, brittle fracture 

tests . Jy: 

Monel . 

Navy tear test . 

nickel . 114 

nonferrous piping . 

notched bar impact test . {£> 

slow bend test. 

stainless steels . 11“ 

stud welds . • • 

tee-bend test.1^0* 1 ^3 

test methods. 

Welder qualification tests .• 1481 

(see also Qualification ol welders) 

Welder training . ™4a 

cooperative training . 

factors in training. 1949 

instructional equipment . .. 1U4/ 

Minimum Requirements, Code ... 105/ 

selection of trainees . 1^45 

testing of progress. 104/ 

theory of welding . 104/ 

training in vocational schools .... lOau 

training within industry . 

Welding arc .• • ••• 58 

arc blow .00, -38, /8- 

burn-off rate . 00 

litirli frpmifnrv .. . OU 


arc blow .00, 238 

burn-off rate . 

effect of high frequency . 

effect of protective atmospheres . . 

general characteristics . 

metal transfer phenomena . 

recovery strength . 

rectification effects . 


60 

58 
60 

59 

60 


stability . • ^ 

Welding boot.210, —•> 

Welding cables 

arc welding . 

inert arc welding . 201 

recommended sizes, table. 218 


Welding castings 

A1 and A1 alloys . 705 

Mg and Mg alloys . 731 

(see also Cast iron, cast steel, etc.) 

Welding Cr-Ni claddings . 817 

Welding contactors, resistance weld¬ 
ing . 337 

Welding Cu-Ni claddings . 817 

Welding cycle, pressure gas weld¬ 
ing .....169, 171 

Welding definitions . 1 

Welding double clad steels . 826 

Welding engineers, training . 1058 

Welding force, calculation of 310. 311, 312 
Welding guns 

seam welding . 321 

spot welding . 316 

stud welding . 295 

Welding heads 

atomic hydrogen welding .. .215, 254 

bare metal-arc welding. 214 

carbon-arc welding .209, 222 

shielded metal-arc welding . 211 

submerged arc welding.207, 278 

Welding Inconel claddings . 817 

Welding leads . 217 
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safe practices 


1062 


Welding machines (see for specific 

processes) 7Q 

Welding metallurgy . /J 

(see also Metallurgy) 

Welding Monel claddings . » £ 

Welding nickel claddings. ol/ 

Welding positions 

piping .. W 

submerged arc welding . 

Welding positioners . ~ l) 

Welding procedures 

chromium claddings . 

Cr-Ni claddings.8-0, 8-1 

Inconel claddings .•• 

low-alloy steels.914. 91 y 

Mn steel .. 981 

Monel claddings .•• g-4 

nickel claddings . 

qualification .. \*/S 

(see also Specific metals and ap¬ 
plications) 

Welding processes, Master Chart 

f.facing page 1 

Weldintr rods.149, 84a 

aluminum '.,231. 691. 698. 852 

atomic hydrogen welding.- 2a/ 

brazing.a 5 ®-, 865 

cast irons .—8, a8/ 

cast steels .. • • • • • 

Cr and Cr-Ni.660, /83, 85/ 

copper . —860 

Cu-Ni . 862 

frog repairs . *248 

Hastelloy . 8a8 

I Ilium . . 

Inconel.''*5, 

iron and steel . v . v • . is/, 8a0 

iron and steel, * purifications .... lalo 

“K M Monel .. ?a7 

i — a W-" . 793 


861 


iv Lionel .. . 

j cac l . 795 

low-fuming bronze . 863 

manganese bronze . 863 

mech. prop, and compositions ot 
Cu and Cu alloy welding rods, 

table . 861 

Monel . / 83, 8a/ 

naval bronze . 86- 

nickel bronze .• • • .. 863 

oil, gas and gasoline pipe lines . . . 1307 

phosphor bronze. 862 

rail lengths . }251 

railroad repairs . 124a 

silicon bronze . 861 

wrought iron . 582 

Welding rod specifications . Ial8 

Welding schedules 

projection welding . 391 

seam welding . 385 

spot welding . 379 

Welding sequence 

Cr-Ni steels ... 658 

metal arc welding . 244 

Welding symbols. 1373 

Welding technique (see Technique) 
Welding terms . 1 
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Welding time . 914 

metal-arc welding . 242 

Welding tips. 145 

care of. 146 

cast irons . 589 

cupped tips. 163 

flame cones . 147 

lead . 793 

oxy-acetylene welding . 145 

oxy-hydrogen welding . 162 

rate of gas flow . 146 

skirted tips . 163 

tip sizes . 146 

types . 145 

Welding torches. 141 

brazing . 503 

flame hardening . 574 

gas mixers. 144 

gouging . 556 

hogging... 556 

inert arc welding. 265 

Mg and Mg alloys. 725 

oxy-acetylene welding . 142 

oxy-hydrogen welding . 162 

oxygen cutting . 531 

oxygen drilling .. 556 

oxygen turning. 556 

pressure gas welding.165, 171 

scarfing . 556 

soldering. 517 

surface planing . 556 

twin-carbon arc welding . 222 

types for gas welding. 142 

underwater cutting . 546 

welding tips . 145 

Welding zinc die castings . 800 

Weldment defects . 936 

arc welding . 936 

bridging . 939 

cavities.\.944, 948 

corrosion resistance, flash and up¬ 
set welds . 952 


corrosion resistance, spot, seam 
and projection welds . 949 


cracks . 940 

cracks, flash and upset welds. 950 

cracks, spot, seam and projection 

welds. 944 

crater cracks. 941 

die burns . 950 

dimensional defects . 936 

ductility, flash and upset welds . . 951 

ductility, spot, seam and projec¬ 
tion welds . 946 

excess concavity . 937 

excess convexity . 937 

expulsion . 948 

flash and upset welding. 950 

gas welding. 936 

inadequate penetration . 939 

incomplete fusion. 939 

incorrect weld profile . 937 

incorrect weld size . 936 

indentation.944, 946 

longitudinal cracks . 941 

misalignment, flash and upset 


t 

j 

i 






welds. 950 

nonmetallic (slag) inclusions .... 938 

non-uniform heating... 950 

overlap . 937 

penetration, flash and upset welds 951 
penetration, spot, seam and projec¬ 
tion welds. 947 

pin holes . 944 

porosity . 938 

porosity, flash and upset welds ... 951 

porosity, spot, seam and projection 

welds. 948 

projection welding. 943 

seam welding . 943 

sheet separation . 949 

size, flash and upset welds . 951 

slippage, flash and upset welds ... 950 

spot welding . 943 

strength, flash and upset welds ... 951 

strength, spot, seam and projec¬ 
tion welds . 946 

structural discontinuities . 938 

surface appearance, flash and upset 

welds. 950 

surface appearance, spot, seam and 

projection welds . 943 

surface burns .. 950 

surface conditions, spot, seam and 

projection welds, table. 944 

surface defects . 942 

surface fusion . 944 

surface holes. 942 

tests for weld and base metal de¬ 


fects, table. 943 

transverse cracks . 941 

undercut . 939 

underbead cracking. 942 

upset . 950 

warpage .. • • 936 

weld size, spot, seam and projec¬ 
tion welds . 944 

Westeeco No. 5 .. 774 

Wet method, magnetic particle in¬ 
spection . 962 

Wheels, automotive .. 1265 

Wheels, locomotive, repair ....1223, 1224 

Wilson fatigue testing machine ... 890 

Wind bracing connections . 1094 

Wiped joints, soft soldering. 3l7 

Wire guns, metallizing .. 49- 

Wiring diagram for atomic hydrogen 

welding machine... 

Work angle, metal-arc welding ... 24- 

Work holding fixtures, arc welding 21 o 

Work leads, safe practices.. • 1°°~ 

Working pressures, pressure vessels 

and boilers . H /A 


Working temperatures, pressure ves- 

sels and boilers . 

W orkmanship 1 

buildings. }}!£ 

bridges ... •.•••:. . n0 o 

oil, gas and gasoline pipe lines .. MW 

penstocks and large diam. water ^ 

. UP e .; 1361 

piping . 
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sh'Ps .. 

storage tanks. 

water pipe lines . 131/ 

Workmanship standards . 953 

Wrought iron .•. 380 

applications . 383 

bridges . 383 

carbon-arc welding . 383 

corrosion resistance. 902 

electrodes .. 38- 

forge welding .447, 581 

furniture .. 383 

general properties . 380 

how to weld.. • • 381 

manual oxy-acetylene welding, 

table .• 381 

manual shielded metal-arc welding, 

table . 382 

microstructure ... .. 380 

oxy-acetylene welding. 381 

P'P? . If? 

resistance welding . 1 

shielded metal-arc welding . 582 

sweating heat. 381 

tanks .383. 1155 

tubing . 383 

typical analysis, table. 380 

upset welding. 581 

welding processes used. 580 

welding rods . 382 

—X— 

X-section^, automotive chassis .1264 


X-ray inspection (see Radiographic 
inspection) 

X-ray vs. gamma ray . 

X-ray protection. 


976 

980 



Yield point, definition .. 

Yield strength, definition . 

Yoloy steel .. 

Young’s modulus, definition 


987 

987 

602 

987 



Zinc .. 

applications . 

cast alloys .. .. 

chemicals composition, table . 
chemical composition, alloy 

castings, table . 

flash welding . 

gas welding .... 

general properties . 

how to weld. 

in Cu and Cu alloys . 

metallizing .. 

physical properties .. 

preparation for welding .... 

spot welding . . .. 

welding die castings . 

Zinc chills . 


. . 798 

. . 801 
.. 799 

.. 799 

lie 

.. 800 
.. 432 

.. 800 
.. 798 
.. 800 
.. 122 
.. 496 

.. 799 

.. 800 
401, 800 
.. 800 
.. 1069 


Zirconium, in carbon and low-alloy 


steels . 199 

ZK60 Mg alloy . 718 























































